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ABSTRACT 
Tourmaline is really a complex isomorphous mineral group which can be easily differentiated under the 
microscope into a series of varieties and types. These types are based upon the recognition of five main sources 
of tourmaline in sediments: granitic, pegmatitic, metamorphic injected, sedimentary authigenic, and re- 


worked sedimentary detrital. 


Actual examples of the application of these concepts to the solution of problems of correlation, interpre- 
tation, and differentiation of sediments and to the reconstruction of paleogeographic conditions are given. 


INTRODUCTION 

Tourmaline is one of the most wide- 
spread nonopaque heavy accessory con- 
stituents in sediments. It shares first 
place with zircon as the most abundant 
and most frequently found heavy min- 
eral. 

Tourmaline occurs in sediments of all 
types and of all ages. This wide distribu- 
tion has resulted in tourmaline being 
taken for granted by many students of 
sediments who considered it as a mineral 
of no particular genetic or stratigraphic 
significance. However, precisely the re- 
verse is true. This is due to the fact that 
tourmaline is not a simple—or single 
mineral species but rather a complex iso- 
morphous group, with an extremely elas- 
tic formula and possessing a series of 
very sensitive morphological character- 
istics which reflect very closely both the 
ontogeny and the phylogeny of each 
grain and thus can act as excellent guides 
to the origin and history of each tour- 


maline grain and consequently of the 
sediment in which these grains are found. 
As a result, tourmaline can be used 
effectively as a guide mineral in the solu- 
tion of paleogeographic and stratigraph- 
ic problems. 


GENERAL CHARACTER 


Tourmaline is a complex aluminosili- 
cate of boron with a variable formula in 
which considerable replacement and 
proxying takes place. Specific gravity 
averages around 3.1; hardness, around 
7.5. Tourmaline is hexagonal and optical- 
ly negative. The normal habit is pris- 
matic, terminated with asymmetrical 
pyramids. There is practically no cleav- 
age, but in some grains a rude basal part- 
ing is present. The prisms may show a 
trigonal cross section with pseudo- 
curved sides. 

Tourmaline is ultra-stable, both chem- 
ically and mechanically. It is possibly 
the most wear-resistant of all common 
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minerals. According to F. W. Freise,' 
its resistance coefficient to abrasion is 
from 850 to 950, as against 510 for chal- 
cedony, 245 for quartz, and 150 for 
orthoclase. 


CHEMICAL COMPOSITION, COLOR, AND 
OPTICAL PROPERTIES 


The generalized formula of tourmaline 
may be written, after F. J. Pettijohn 
and W. C. Krumbein,? thus: (Na, Ca) 
R,(Al, Fe)sB,SisO.,(0, OH, F),, where R 
= Mg, Fe”, Fe’”’, Al, Li, Mn, and Cr. 

According to N. H. and A. N. Win- 
chell,3 the three basic focal points of the 
tourmaline group are: 


Elbaite, or lithium tourmaline: 
H;NaLi.AlAlsB,SisO,: 
Schorlite, or iron tourmaline: 
H;NaFe.Fe.AlsB,SisO,: 
Dravite, or magnesium tourmaline: 
H;NaMg.Mg.AlsB,Sis0 4 


The situation is complicated by the 
fact that, in addition to changes in R, 
there are possible wide fluctuations in 
the basic formula between Na and Ca 
and between Al and Fe. As a result of 
these changes, tourmaline shows con- 
siderable differences in color and, to a 
minor extent, in specific gravity and 
refractive indices. For instance, elbaite 
may be deep blue (indicolite) if Na pre- 
dominates, or pink (rubellite) if Li pre- 
dominates; dravite is normally(?) color- 
less if Ca exceeds Na but may become 
bluish if Na exceeds Ca, or greenish, 


“Untersuchung von Mineralien auf Abnutz- 


barkeit bei Verfractung im Wasser,” Tschermaks min. 


u. petrog. Mitt., N.S., Vol. XLI (1931), pp. 1-7. 
2 Manual of Sedimentary Petrography (New York: 
Appleton, 1938), p. 452. 


3 Elements of Optical Mineralogy (New York: 
John Wiley, 1931), Part II, “Description of Min- 
erals,”” 


brown, or black, depending upon the 
relative amounts of Fe” and Fe’”’. 

Furthermore, to make matters even 
more complex, tourmaline may be zoned 
(radially or along C-axis), forming the 
so-called ‘‘watermelon” varieties. This 
zoning (most commonly red inside, green 
outside) is easily visible in light-colored 
hand specimens but may also be present 
in dark crystals which megascopically 
appear to be black throughout but give, 
upon crushing, a blue and a green tour- 
maline, each with somewhat different 
optical properties. Under the microscope 
the usual varicolored tourmaline shows 
both yellow and blue colors within the 
same grain, this being a diagnostic fea- 
ture for correlation purposes. The specific 
gravity, color, and indices are lowest for 
the pure-magnesium tourmaline (dra- 
vite) and increase gradually with the 
appearance of Li, Mn, etc., and especial- 
ly Fe. 

The grouping of tourmaline varieties 
as shown in Table 1 has been worked 
out from the data of E. S. Larsen and 
H. Berman,‘ the Winchells,’ and Dana R. 
Russell.° There is some overlapping, and 
considerably more study will be required 
to delineate these types properly and 
evolve a final classification. The indices 
are so close that they require determina- 
tion with immersion oils. For rapid work 
in Canada-balsam mounts the indices 
are of little use, and all classification 
must be made on the basis of color alone. 

Tourmaline (pure Ca-Mg_ varieties 
excepted) has a very strong pleochroism, 
with Z >-X. The pleochroic formula is: 


4“The Microscopic Determination of the Non- 
opaque Minerals,” U.S. Geol. Surv. Bull. 848 (1934), 
p. 247. 


5 See pp. 246-48 of ftn. 3. 
6 “Tables for the Determination of Detrital Min- 


erals,” Rept. Comm. on Sed. 1942, Nat. Res. Counc., 
pp. 6-9 and chart. 
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Z X 
. Yellow 1. Colorless 
. Brown 2. Yellow 
. Green 3. Pale brown, pale pink 
. Deep pink 4. Pale pink or colorless 
5. Blue 5. Mauve, lavender, or violet 
. Black 6. Brown 


The maximum absorption (Z | c) is 
visible when the tourmaline prism is 
parallel to the horizontal cross-hair of 


The birefringence of tourmaline is 
rather high: 0.015-0.035. This is the 
interference value for a standard 0.03 
mm. thin section, with 0.025 as a good 
average; but in loose grains found in 
heavy residues, owing to the prevalence 
of the basal parting, there are so many 
near-basal sections (which are also non- 
pleochroic) that the observed inter- 


TABLE 1* 


COMPOSITION AND PROPERTIES OF THE TOURMALINE GROUP 


Sp. Gr. 


Colorless tourmaline 
(pure Na dravite) 


Colorless tourmaline 
(pure Ca-Mg write) 


Pink tourmaline 
(Li rubellite) 


Blue tourmaline 
(Na-Fe-Li indicolite) 


Green tourmaline. . . 
(Ca-Na-Fe-Li elbaite or schorlite) 


Brown tourmaline. . . 
(Fe dravite or Mg-Fe schorlite) 


Deep brown to black tourmaline. 
Fe schorlite) 


Deep pistachio-green tourmaline 
(Cr tourmaline) 


Up to 3.24 


2.98-3.04 


3-95 


.630 


.624 
645 


-633 1.05; 
1.640 } 1.67 


Up to 1.658 Up to 1.698 


1.641 1.687 


* Bn normally between 0.015 and 0.035 for 0.03 mm. thickness. 


the microscope (i.e., elongation per- 
pendicular to vibration plane of the 
polarizer as built in most American and 
German microscopes). However, be- 
cause of the occurrence of basal parting, 
an abnormal positive elongation may 
occur (Z || basal parting, and hence || 
elongation of pseudo-prismatic frag- 
ment) which naturally reverses the ap- 
parent pleochroic formula. This does not 
happen very frequently but has been 
known to mislead beginners into con- 
fusing tourmaline with biotite. 


ference value of tourmaline may be 
much less. As a result, it is not difficult 
to confuse in thick grains the apparent 
birefringence of basal sections of tour- 
maline with that of prismatic sections 
of other minerals (such as andalusite) 
with a much lower birefringence. 

The maximum interference color for 
0.09 mm. (i.e., very fine sand grains, or 
the average material caught on the 230- 
mesh sieve) is in the third order and 
for o.18 mm. (fine sand fraction or the 
120-mesh sieve material) is in the higher 
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orders. As said before, in basal sections 
these amounts are much less. 


GRAIN MORPHOLOGY 


In addition to color, relief, and bire- 
fringence, which depend upon chemical 
composition, tourmaline shows consider- 
able variations in its morphology (both 
external and internal), depending upon 
the conditions of its genesis. The follow- 
ing physical characteristics are easily 
observable and may be of great diagnos- 
tic importance in tracing the origin and 
history of each grain: 

1. Size-—Small prisms versus large 
prisms versus fragments of still larger 
prisms. Large crystals do not survive in 
sediments in one piece, and hence the 
abundance in a sediment of large tour- 
maline fragments is evidence of still 
larger crystals within the source area. 

2. Shape and roundness.—Since tour- 
maline is extremely resistant to wear, it 
is quite common to find in one sediment, 
owing to mixing from several source 
areas, a collection of tourmaline grains 
in different stages of modification 
(rounding). Shape may range from 
original prismatic (idiomorphic) to per- 
fectly rounded (globular), with angular 
fragments and subrounded prisms or 
fragments in between. Rounded grains 
may be refractured during a later cycle of 
abrasion. 


The study of basal parting (i.e., pri- 
mary versus clastically produced elonga- 
tion) belongs here. 


3. Inclusions —Common in tourma- 
line and may be highly diagnostic of its 
provenance. These inclusions may be: 
(a) cavities (empty vacuoles or bubbles, 
frequently with colored walls) ; (6) micro- 
lites of rutile (common), magnetite, 
zircon, cassiterite, topaz, fluorite, quartz, 
feldspar(?), muscovite, anatase, brook- 


ite, and titanite; and (c) carbonaceous 
particles (locally abundant). 


ORIGIN AND PARAGENESIS OF 
TOURMALINE 

Five main types of large-scale prove- 
nance are possible for tourmaline (Fig. 
zy 

1. Granitic tourmaline.—Formed as an 
end-phase product within large plutonic 
igneous bodies. Typical morphology is 
small or medium-sized idiomorphic crys- 
tals, frequently full of bubbles and 
cavities. This may suggest deuteric re- 
placement. Typical color is dark brown, 
green, or pink (with a greenish cast) 
suggesting a possible Fe composition 
with Li( +). A typical specimen is shown 
in Figure 2 (20). 

2. Pegmatitic tourmaline.—From peg- 
matites and vein rocks. Typical habit is 
that of very large crystals (hence occurs 
in sediments as angular fragments as 
shown in Fig. 2 [2a] ). Typical color is 
blue, with pleochroism in shades of 
mauve and lavender; composition is Na 
with some Li. Other varieties are pos- 
sible but are less typical. Inclusions are 
rare. 


3. Tourmaline from pegmatized in- 


jected metamor phic terranes.—Habit and 


color are variable and, to a very large 
extent, are related to the petrography 
of the host rock and apparently to its 
texture, porosity, and permeability. 

In pegmatized sandstones (and hence 
in metaquartzites, quartz-schists, and 
quartz-mica-schists) the morphology of 
tourmaline is variable. Sometimes al- 
most the same types occur as in granites 
(brown and pinkish, less commonly 
green). In other, more common, in- 
stances the tourmaline crystals are pale 
to deep brown and generally are poor in 
inclusions. Their size, as a rule, is smaller 
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than that of granitic tourmaline (Fig. 2 
[2c and 2d} ). 

In slates, phyllites, and nonquartzose 
mica-schists the typical morphology is 
very small idiomor phic crystals, frequent- 
ly full of black carbonaceous inclusions. 
These carbonaceous inclusions occur 
only if the injected phyllite was original- 


stone) and mica-schist (old shale) may 
in some cases show both types of tour- 
maline (pale and deep colored), alternat- 
ing layer by layer, possibly even foot 
by foot, with the darker tourmaline 
present in the more permeable layer 
(quartz schist, former sandstone). Dur- 
ing igneous tourmalinization of sedi- 
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Fic. 1.—Provenance of the tourmaline group, showing distribution of the tourmaline types according to 
depth or intensity of diastrophism (roughly equivalent to depth). 


ly a dark or black shale. Such carbona- 
ceous inclusions, as is generally known, 
are also common in andalusite and 
staurolite. Color is colorless to very pale 
(or less commonly deeper) brown. Com- 
position is MgFe. Possibly, the very 
pale color in some tourmalinized phyl- 
lites may be due to a selective adsorption 
or absorption effect by the host rock on 
the Fe in the pegmatitic juices. Compli- 
cations occur; for instance, a metamor- 
phic terrane consisting of alternating 
layers of quartz-mica-schist (old sand- 


ments and metamorphic rocks th tour- 
maline may occur either as overgrowths 
(very rare) or more commonly as newly 
formed crystals with no visible nuclei. 
The overgrowths are extremely rare, 
because at high temperatures an almost 
total reorganization of the nucleus is 
likely to take place. Furthermore, al- 
most all of the tourmaline in injected 
terranes is new, having been formed 
de novo without the aid of pre-existing 
nuclei. 

4. Sedimentary authigenic tourmaline 
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ite, and titanite; and (c) carbonaceous 
particles (locally abundant). 
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suggesting a possible Fe composition 
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texture, porosity, and permeability. 

In pegmatized sandstones (and hence 
in metaquartzites, quartz-schists, and 
quartz-mica-schists) the morphology of 
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than that of granitic tourmaline (Fig. 2 
[2c and 2d] ). 

In slates, phyllites, and nonquartzose 
mica-schists the typical morphology is 
very small idiomor phic crystals, frequent- 
ly full of black carbonaceous inclusions. 
These carbonaceous inclusions occur 
only if the injected phyllite was original- 
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Fic. 1.—Provenance of the tourmaline group, showing distribution of the tourmaline types according to 
depth or intensity of diastrophism (roughly equivalent to depth). 


ly a dark or black shale. Such carbona- 
ceous inclusions, as is generally known, 
are also common in andalusite and 
staurolite. Color is colorless to very pale 
(or less commonly deeper) brown. Com- 
position is MgFe. Possibly, the very 
pale color in some tourmalinized phyl- 
lites may be due to a selective adsorption 
or absorption effect by the host rock on 
the Fe in the pegmatitic juices. Compli- 
cations occur; for instance, a metamor- 
phic terrane consisting of alternating 
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ments and metamorphic rocks the tour- 
maline may occur either as overgrowths 
(very rare) or more commonly as newly 
formed crystals with no visible nuclei. 
The overgrowths are extremely rare, 
because at high temperatures an almost 
total reorganization of the nucleus is 
likely to take place. Furthermore, al- 
most all of the tourmaline in injected 
terranes is new, having been formed 
de novo without the aid of pre-existing 
nuclei. 

4. Sedimentary authigenic tourmaline 








Fic. 2.—High-temperature tourmaline varieties; all magnifications 140. 

2a) Pegmatitic tourmaline (Type 2 of Fig. 1): fragment from large blue crystal. From Triassic of Con- 
necticut; primary occurrence is in pegmatitic sills near Middletown. 

2b) Plutonic tourmaline (Type 1 of Fig. 1): brown idiomorphic crystal full of inclusions. From Triassic 
of Connecticut; primary occurrence is in granite stocks of east-central Connecticut. 


2c) Injected terrane-type tourmaline (Type 3 of Fig. 1): small colorless idiomorphic crystal. From Hart- 
land schist, Connecticut. 


2d) Same as 2c, but faintly yellow and with carbonaceous inclusions. 
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(cold water) formed at bottom of sea pene- 
contemporaneously with the including sedi- 
ment.—Typical morphology is that of 
overgrowths which show polar develop- 
ment at one end only of the c-axis. Ac- 
cording to Stella W. Alty’s’ pyroelectric 
tests, these overgrowths are restricted 
to the antilogous pole, which is charac- 
terized crystallographically by the faces 
r (1011) and m (1010). 

Typically, these overgrowths are col- 
orless to very very pale blue, indicating a 
Mg composition, with possibly some Ca 
or Na. Their refractive indices are very 
low. According to Alty for Michigan 
species, w = 1.628 and e = 1.610; and 
according to P. D. Krynine and O. F. 
Tuttle® for central Pennsylvania varie- 
ties, w = 1.630 + 2 ande = 1.612 + 2. 
These indices are even lower than those 
of the purest high-temperature dravite 
or urite described in the mineralogical 
literature. 

These overgrowths (Fig. 3) are gen- 
erally small, ranging from 5 to 25 per 
cent of the size of the nucleus; but they 
may become very large, reaching 50, 
100, or even 200 per cent of the nucleus. 
In absolute figures the largest over- 
growths seen by the writer reached 0.25 
mm. in length. 

The overgrowths are identical in 
their properties throughout the same 
formation, but the nuclei naturally are 
different. Hence, colorless (Mg) over- 
growths may develop on brown, blue, 
green, yellow, or black cores, all of 
which have different chemical composi- 
tions. Between the overgrowth and the 
nucleus is found a zone of “roots,” or 


7“Some Properties of Authigenic Tourmaline 
from Lower Devonian Sediments,” Amer. Min., 
Vol. XVIII (1933), pp. 351-55. 


8 “Bellefonte Sandstone: Example of Tectonic 
Sedimentation” (abstract), Bull. Geol. Soc. Amer., 
Vol. LIT (1941), p. 1918. 
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reorganization, where the core and the 
outgrowth are welded together. This 
zone of roots (Fig. 3 [3d and 3f]) is 
characterized by pitting and etching of 
the nucleus, with roots of the outgrowth 
entering these pits. The composition of 
this pitted root zone is apparently in- 
termediate between that of the over- 
growths and that of the nucleus. If the 
overgrowth is broken off, this pitted 
surface remains at the antilogous pole 
as evidence of its former existence. The 
overgrowth may contain inclusions, en- 
gulfed during its period of growth (Fig. 
3 [3e] ). 

Pseudo-overgrowths which can be 
mistaken for authigenic tourmaline by 
overenthusiastic observers can occur in 
two ways: 

a) Tourmaline grains may be frac- 
tured and abraded at one end in such 
a way as to produce thinning of the 
grain (which may render the thinned 
portion almost colorless) and also to 
produce some sort of crystal outline 
along incipient partings parallel to the 
original prismatic faces of the grain. 
This, in some cases, may give the im- 
pression of an overgrowth upon casual 
examination. 

b) In rocks which are cemented by a 
mixture of secondary quartz and re- 
crystallized micas, such as illite or seri- 
cite (the so-called Quartzs-Glimmer Ze- 
ment of the German petrographers), the 
cementing material may adhere to the 
grains upon crushing of the rocks (other 
cements usually do not do this). These 
particles of cement form irregular pale- 
bluish wisps rather similar to authigenic 
tourmaline overgrowths, especially if the 
central cores are dark. However, these 
wisps are not in optical continuity with 
the nucleus. 

Authigenic tourmaline is a typical 
sedimentary development, comparable 














Fic. 3.—Legend on facing page 

















to the Clinton iron ores or other sedi- 
mentary minerals. It is usually restricted 
to relatively thin stratigraphic horizons, 
but geographically it may cover areas 
well in excess of 50,000 square miles. 
The occurrence within the same forma- 
tion takes place regardless of the changes 
in permeability or cementation of the 
formation and is present even in com- 
pletely welded, early cemented ortho- 
quartzites or nonporous calcareous sand- 
stones, thus establishing the early sedi- 
mentary age of the overgrowth’s de- 
velopment. 

Authigenic tourmaline is not a miner- 
alogical curiosity and is found much more 
frequently than generally thought. With- 
in the central part of the Appalachian 
geosyncline there are at least three ma- 
jor horizons of the development of 
authigenic tourmaline: the Upper Cam- 
brian (Gatesburg-Potsdam), first re- 
ported by Krynine;’ the Lower Silurian 
(Clinton), reported by J. H. C. Martens’® 

9 “Paleozoic Heavy Minerals from Central Penn- 
sylvania and Their Relation to Appalachian Struc- 
ture,” Proc. Pa. Acad. Sci., Vol. XIV (1940), pp. 
60-04. 

0 “Petrography and Correlation of Deep Well 
Sections in West Virginia and Adjacent States,” 
W.Va. Geol. Surv., Vol. IX (1939), pp. 18 and 178. 


Fic. 3. 
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and confirmed by Krynine; and the Low- 
er Devonian (Oriskany), reported by 
M. H. Stow"™ and confirmed by Martens” 
and Krynine.*3 

The best known of these horizons is 
the Oriskany, which shows authigenic 
tourmaline for a continuous distance of 
at least 450 miles from southern West 
Virginia to northwestern New York 
State and covers a minimum area of 
55,000 square miles. In this region Stow 
has found authigenic tourmaline in 74 
out of 116 examined heavy residues and 
in 30 out of 70 localities. 

In the Upper Cambrian (Gatesburg 
and Potsdam), Krynine has established 
authigenic tourmaline in places 200 
miles apart between State College out- 
crops (central Pennsylvania), deep wells 
near Buffalo and outcrops in Dutchess 
County in New York State. 

t “Authigenic Tourmaline in the Oriskany Sand- 
stone,” Amer. Min., Vol. XVII (1932), pp. 150-52, 
and “Conditions of Sedimentation and Sources of 
the Oriskany Sandstone as Indicated by Petrology,” 
Bull. Amer. Assoc. Pet. Geol., Vol. XXII (1938), 
pp. 541-64. 

2 See p. 17 and PI. XII of ftn. 10. 

"3 “Petrology and Genesis of the Third Bradford 
Sand,” Pa. State College Min. Indust. Exper. Sta. 
Bull. 29 (1940), p. 35. 


Authigenic tourmaline within the Paleozoic of the Appalachian region. Figures 3a—3c show 


typical morphology of primary (original) occurrences; 3¢—3f show details of the overgrowths; and 3g—3i show 


secondary (re-worked) occurrences. 


3a) Overgrowth from the Keefer sandstone of Lower Silurian age (horizon II of Table 2). Magnifica- 


tion 250X. 


3b) Overgrowth from the Gatesburg-Potsdam sandstones of Upper Cambrian age (horizon I). Magnifi- 


cation 110X. 


3c) Overgrowth from the Oriskany sandstone of Lower Devonian age (horizon ITI). Magnification 70 X. 


3d) “Zone of roots” between overgrowth and core; from the Gatesburg (horizon I). Magnification 127 X. 


3e) Details of overgrowth, showing inclusions of calcareous mud and bubbles; from the Gatesburg (hori- 


zon I). Magnification 120. 


3f) “Zone of roots” between overgrowth and core; from the Oriskany (horizon ITI). Magnification 150X. 


3g) Re-worked and barely abraded overgrowth from the Spitzenberg conglomerate of Triassic age (hori- 
zon 11K), originally from the Silurian (horizon II). Magnification 300. 


3h) Re-worked and strongly abraded overgrowths from the Bellefonte sandstone of Middle Ordovician 
age (horizon 1K), originally from Gatesburg (horizon I). Magnification 180. 


31) Re-worked and very strongly abraded overgrowth from the Triassic of eastern Pennsylvania (hori- 


zon 10K), originally probably from the Silurian (horizon II). Magnification 200X. 
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In the Clinton (Keefer sandstone), 
Krynine has collected authigenic tour- 
maline in localities 300 miles apart. 

It is probable that further studies 
may show the development of authigenic 
tourmaline over much greater distances 
within these formations. 

A fourth possible horizon (only one 
locality) of authigenic tourmaline de- 
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Fic. 4.—Distribution of authigenic tourmaline 
in the Paleozoic of central Appalachian region. /, ex- 
tent of known tourmaline authigenesis in the Upper 
Cambrian (Gatesburg-Potsdam); 77, same for the 
Lower Silurian (Clinton-Keefer); and ///, same for 
the Lower Devonian (Oriskany). 


velopment has been established by 
Martens" in the Upper Silurian (Salina) 
of West Virginia. 

In addition to these horizons of origi- 
nal, or “primary,” development of au- 
thigenic tourmaline in the Appalachian 
region, at least eleven other formations 
have so far been discovered in which 
authigenic tourmaline occurs as a re- 
worked, detrital constituent. During the 
subsidence and concomitant folding of 


4 See p. 186 of ftn. 10. 


the Appalachian geosyncline, folds de- 
veloped within the trough, especially on 
its flanks; and the erosion on these folds 
of older sediments bearing authigenic 
tourmaline liberated the tourmaline 
grains with authigenic overgrowths. Dur- 
ing the erosion and transport that fol- 
low, the overgrowths may be entirely 
knocked off the nuclei, leaving only a 
pitted root zone; or they may survive in 
a somewhat abraded and worn form. 
These “secondary” re-worked occur- 
rences are distributed from the Middle 
Ordovician to the Triassic (Fig. 3 [3g- 
3i| ). The economic importance of this 
fact as a criterion for paleogeographic 
interpretation in the search for possible 
oil reservoirs is discussed later in the 
text. 

Each zone of primary authigenic de- 
velopment is characterized by certain 
morphologic and optical properties: the 
Cambrian overgrowths are almost color- 
less and feathery; the Oriskany over- 
growths are much more stubby and dis- 
tinctly bluish; and the Clinton over- 
growths are more elongated than the 
other two. When authigenic tourmaline 
is developed through a great vertical 
thickness of strata (for instance, over 
750 feet of Potsdam sandstone in the 
Arcade well near Buffalo), the morphol- 
ogy of the overgrowths may change 
slightly at different levels, thus provid- 
ing additional criteria for correlation or 
differentiation. 

Authigenic tourmaline is a veritable 
guide fossil, both as an original develop- 
ment and as a re-worked occurrence: a 
piece of Lower Devonian authigenic 
tourmaline in the Triassic is equivalent 
to the finding of a Lower Devonian 
fossil in the Triassic. 

The development, both stratigraphic 
and geographic, of primary and re- 
worked authigenic tourmaline within the 
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—This section (crossed Nicols) of Gatesburg orthoquartzite shows development of authigenic 


FIG 5 
ith detrital tourmaline core Note Pp 01 bas. al partir 4 within 


tourmaline overgrowth in optical continuity w 
the original core. Magnification 250X. 





Fic. 6.—Extreme development of perfect authigenic tourmaline overgrowth within the Gatesburg forma- 
tion. Magnification 100X. 
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central portion of the Appalachian 
geosyncline is summarized in Figure 4 
and Table 2. 

5. Re-worked tourmaline from older 
sediments.—This is probably the most 


Period Primary Re-worked 
11K 
Triassic 
10K 
Permian oK 


8K 
Pennsylvanian 

7K 
Mississippian 6K 

5 

4K 


Devonian 


III-S, M, K 






Ila-M 
II-M, K 
Silurian 
3KM 
2K 
Ordovician 
1K 
Cambrian I-K 


*K, reported by Krynine and associates; M, reported by Martens; 


ment and “‘Re-worked” means detrital secondary occurrence 


abundant single source of tourmaline 
found in sediments. After entering a 
sediment from one of the four primary 
sources, tourmaline survives the 
struction of the J 
next cycle of erosion and sedimentation 


de- 


sediment during the 


and passes into a younger sediment. 


TABLE 2* 
OCCURRENCE OF AUTHIGENIC TOURMALINE IN THE CENTRAL PART 
OF THE APPALACHIAN GEOSYNCLINE 
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Hence, long periods of peneplanation, 
characterized by vigorous and_pro- 
longed chemical decay, are especially 
favorable for the concentration of tour- 
maline types in the produced detritus 


Formation and Location 
Spitzenberg conglomerate, eastern Pennsylvania 


Triassic, eastern Pennsylvania 


Exact formation unknown, West Virginia 





Cow Run and Buffalo Run sands, West Virginia 
Pottsville, western Pennsylvania 


Pocono, central Pennsylvania 


Venango sand, western Pennsylvania 

Bradford sand, northwest Pennsylvania 

Lower Devonian éentering around Oriskany but in 
cluding Huntersville, Shriver, Heiderberg, etc. 
From northwest New York through central Penn 
sylvania to southwest West Virginia 
Salina, Kanawha County, West Virginia 
Clinton (Keefer sandstone of central Pennsylvania 


and West Virginia) 


Tuscarora of central and eastern Pennsylvania 
White Medina of West Virginia, Albion sandstone 


Juniata of central Pennsylvania 
Bellefonte sandstone of central Pennsylvania 


Upper Cambrian of central Pennsylvania (Gates 
burg formation) and New York State (Potsdam 
sandstone) 


S, reportedby Stow; “Primary” means original develop 


at the expense of other less stable miner- 
al species.*® 

Such periods of diastrophic quiescence 
increase both the relative abundance of 

'sP. D. Krynine, “Provenance vs. Mineral Sta- 
bility as a Controlling Factor in the Composition 
of Sediments” (abstract), Full. Geol. Soc. Amer., 
Vol. LIIT (1942), pp. 1850-51. 
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tourmaline in the following sediment and 
also the absolute number of tourmaline 
varieties in it. Up to twenty-one tourma- 
line varieties have been found in some 
sediments. 

This is a very schematic outline of the 
origin of tour.aaline types, and the sub- 
ject deserves considerably more study. 


DISTRIBUTION OF TOURMALINE 
IN SEDIMENTS 


Tourmaline is found in practically all 
detrital sediments, and there are very 
few heavy concentrates which do not 
contain some of it. Also, there is prob- 
ably even more tourmaline in sediments 
than is generally thought, because many 
tourmaline varieties are easily mistaken 
for other mineral species. For instance, 
colorless, water-clear (nonpleochroic) 
tourmaline can be—and frequently has 
been—mistaken for various other, much 
more fancy, minerals, among which 
andalusite and, to some extent, topaz 
have probably been foremost. Non- 
pleochroic green and brown varieties 
have been confused with hornblende and 
biotite. 

The bulk of the tourmaline and the 
greatest diversification of tourmaline 
types occur within re-worked, second- 
cycle rocks, made up of quartz and detri- 
tal chert, such as graywackes and ortho- 
quartzites. These are the sediments 
formed during periods of low or moder- 
ate deformation of the earth’s crust. The 
relation between the mineral composi- 
tion of a sediment and the intensity of 
diastrophism during the period of its 
formation has been discussed elsewhere 
(Krynine”’) and is summarized in Figure 
11, after having been shown in some de- 





6 Diastrophism and the Evolution of Sedimentary 
Rocks (syllabus outline of lecture) (Tulsa: Distin- 
guished Lecture Committee of Amer. Assoc. Pet. 
Geol., 1943). 
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tail in Figures 7—10. This distribution of 
tourmaline closely parallels that of zir- 
con, another ultra-stable mineral. The 
tourmaline-zircon suite (reinforced by 
some rutile) occurs in all sediments but 
predominates over almost all other non- 
opaque heavy minerals, possibly in as 
much as 60-65 per cent of the medium- 
grained detrital rocks and monopolizes 
the nonopaque assemblage, almost to the 
complete exclusion of all other constit- 
uents, in no less than 30-35 per cent of 
the same detrital rocks. ° 

Although tourmaline and zircon tend 
to get into the same rock, they do not, 
as a rule, accumulate equally in a given 
part of the rock. This is due to their no- 
table difference in specific gravity (tour- 
maline about 3.1, zircon about 4.5) 
which results in local placer-like con- 
centrations of one or the other in re- 
sponse to local variations in current 
velocity. As a whole, zircon tends to 
gravitate into a finer grade-size than 
tourmaline (because of zircon’s greater 
density). In addition, within the same 
grade-size of the same formation the 
ratio between tourmaline and zircon 
may fluctuate from go:10 through 
50:50 into 10:90 within a geographi- 
cal distance of 1 mile or less or within a 
stratigraphic interval of a couple of feet. 

This fact explains some of the early 
failures in trying to use the zircon- 
tourmaline ratic for correlation purposes. 


STUDY AND INTERPRETATION OF 
TOURMALINE VARIETIES 
IN SEDIMENTS 


As in all heavy-mineral work, the 
study of tourmaline can yield the fol- 
lowing results: (1) establish the petrology 
of the source area, both ultimate and 
immediate; (2) establish the general 
diastrophic, tectonic, and climatic his- 
tory of both source area and basin of 





Fic. 7.—Typical heavy residue from a primary first-cycle orthoquartzite, the Gatesburg formation 
of the Upper Cambrian age from central Pennsylvania. This so-called ‘Cambrian assemblage” (see Fig. 14) 
consists of rounded tourmaline (and some zircon) grains. There are thirteen tourmaline varieties, which are 
analyzed in Fig. 12. Some grains show weak development of authigenic overgrowths (arrow). Magnifica- 
tion 55. 


Fic. 8.—Typical heavy residue from a second-cycle orthoquartzite, the Bellefonte sandstone of Middle 
Ordovician age from central Pennsylvania, produced through erosion and re-working of the Gatesburg forma- 
tion. Tourmaline shows same rounding and identical frequencies of the same thirteen varieties as in Fig. 7, 
which are always constant, regardless of local fluctuations in the tourmaline-zircon ratio. Authigenic over- 
growths are abraded and barely visible, as shown in Fig. 3 (3h). Genetic relationships between Gatesburg 
and Bellefonte are shown in Fig. 13. Magnification 52. 
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sedimentation; (3) establish paleogeo- 
graphic relations between ancient land 
and sea before and during deposition of 
the sediment; (4) establish correlation 
and differentiation criteria for the for- 
mation under study; and (5) as a result 
of 1, 2, 3, and 4, important economic re- 
sults can be attained. 

In order to proceed with such studies, 
it is necessary to establish the ultimate 
and immediate provenance of the tour- 
maline and the history of the grains sub- 
sequent to the uncovering of the source 
area. The amount of detailed work nec- 
essary to do this will depend upon which 
one of the following three types of prove- 
nance is met: 

a) There is only one, or at most two, 
closely related tourmaline varieties, both 
of which came from the same parent- 
rock and hence have similar color and 
morphology and are in the same stage of 
modification. 

b) There are several varieties of tour- 
maline which came from entirely differ- 
ent parent-rocks and hence differ con- 
siderably in color and internal mor- 
phology, but all of them have been erod- 
ed at the same time within the same 
source area and hence have suffered ap- 
proximately the same amount of modi- 
fication and thus show the same amount 
of rounding. Such assemblages from the 
same source area can be treated as a unit. 

c) There are several varieties of tour- 
maline which came from different source 
areas and were eroded at different times 
and under different tectonic conditions; 
hence the varieties differ in color, in- 
ternal morphology, and rounding. 

Examples of (a) are found in many 
continental formations like the Triassic 
alluvial fans of the Connecticut Valley 
(as shown in Fig. 10) or some of the del- 
taic branches of the Silurian Bloomsburg 
red beds in central Pennsylvania. 
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The best example of (0), i.e., a mixed 
but uniformly modified source, is found 
in the Cambrian sediments (specifically 
the Upper Cambrian Gatesburg and 
Potsdam formations and their equiva- 
lents) of Pennsylvania and New York 
State, which contain thirteen tourma- 
line varieties, all perfectly rounded and 
always recurring in exactly the same rel- 
ative proportions (Fig. 12). This Cam- 
brian assemblage, which is shown in 
Figure 7, is easily recognized when it is 
found in higher Paleozoic strata pro- 
duced by the re-working of the Cambrian 
beds (Fig 8). 

Examples of (c) are found throughout 
the world within the middle and upper 
members of geosynclinal sediments. Fine 
examples come from the Upper Ordovi- 
cian, Silurian, Devonian, and Mississip- 
pian graywackes of the Appalachian re- 
gion. In these cases, in addition to the 
Cambrian assemblage, other, much less 
well-rounded, tourmaline types appear. 
Such a mixture from the Bradford sand 
is shown in Figure 9. 

The recognition of possibilities (a) to 
(c) and its practical application to the 
solution of problems 1-4 rests upon 
a thorough breakdown of the tourmaline 
varieties present into usable types. This 
differentiation should proceed on the 
basis of the external shape and internal 
morphology of the tourmaline grains. 

Krynine’’ and O. F. Tuttle™® have di- 
vided Paleozoic Appalachian tourmalines 
into two rounding classes: very well 
rounded versus angular and idiomorphic. 
Within the rounded class, thirteen varie- 
ties have been established, based on six 


17 “Paleozoic Heavy Minerals from Central Penn- 
sylvania and Their Relations to Appalachian Struc- 
ture,” op. cit., pp. 61 and 62. 


8 “Heavy Minerals of the Ordovician-Silurian 
Boundary in Central Pennsylvania,” Proc. Pa. Acad. 
Sci., Vol. XIV (1940), pp. 55-59. 








Fic. 9.—Typical heavy residue from graywacke showing, among very few other mineral species, tourma 
line grains (arrows) of many varieties and of mixed habits: idiomorphic, hypidiomorphic, fractured, rounded, 
and refractured. From the Bradford Third Sand (Devonian of Pennsylvania). Magnification 80X. 





Fic. 10.—Typical heavy residue from an arkose, showing, among many other mineral species, such as 
epidote and monazite, also tourmaline grains (arrows).of only one variety (green) and of idiomorphic and 
hypidiomorphic (fractured) habit. From the Triassic of Connecticut. Magnification 50x. 
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main color classes, three additional 
shades, and seven types of inclusions. 
The idiomorphic and angular class has 
been less exhaustively studied but has 
yielded, so far, six color classes and four 
inclusion types, making a total of eight 
types. In the Bradford sand all twenty- 
one types are present.*? A somewhat 
similar system has been used by Krynine 
and G. A. Thompson”® in the Uinta, 
Weber, and Green Kiver formations of 
Utah. 

Gordon Rittenhouse,* for the Missis- 
sippian of Ohio and West Virginia, di- 
vides tourmaline into three types of 
rounding (round, subangular, and angu- 
lar) and, when necessary, uses about 
five or six colors for further differentia- 
tion. 

J. C. Griffiths,” for the Tertiary oil 
sands of Trinidad, uses a very compre- 
hensive scheme of five main colors and 
seventeen final color shades, modified 
by nine stages of rounding, from idio- 
morphic to completely rounded, thus 
allowing for 153 possibilities. 


EXAMPLES AND PRACTICAL 
APPLICATIONS 


1. Origin of the Bellefonte sandstone 
and Cambro-Ordovician paleogeography of 
west-central Pennsylvania.—A moncto- 
nous succession of over 5,000 feet of 
Lower and Middle Ordovician limestones 
and dolomites in Centre County, Penn- 
sylvania, is interrupted by a 15-foot 
sandstone layer. This formation, the 


19 See pp. 30 and 34-36 of ftn. 13. 

20 “Petrologic Study of Some Rocks of the Uinta 
Basin and Uinta Mountains, Utah” (unpublished 
B.S. thesis, The Pennsylvania State College, 1941). 

at “Tnvestigation of Oil and Gas Sands in the Ap- 
palachian Basin,” Producers Monthly, Vol. VIII, 
No. 10 (1944), pp. 19-21. 


22 (Trinidad Leaseholds, Ltd.), personal commu- 
nication of October 26, 1943. 
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Bellefonte sandstone, was investigated 
by the writer and Tuttle in 1938.73 It 
shows pronounced lateral changes, pass- 
ing abruptly from a quartzite into a 
sandy clastic dolomite and then chang- 
ing back into a quartzite again. Petro- 
graphically it is a mixture of two end- 
members—a pure rounded quartzitic 
sand and a subangular gravel made up 
of dolomitic pebbles. The heavy minerals 
consist almost exclusively of tourmaline 
and zircon mixed in all proportions. 





Fic. 11.—The three main diastrophic stages, show- 
ing the predominant petrographic types and miner- 
alogical suites common to each stage and illustrating 
the paragenetic relationships of the tourmaline as- 
semblages, illustrated in Figs. 7, 8, 9, and ro. 


This sandstone proved to be made of 
re-worked detritus produced by the ero- 
sion of the Upper Cambrian Gatesburg 
formation, which normally is strati- 
graphically located more than 3,500 
feet below the Bellefonte sandstone. 
This conclusion was based on the follow- 
ing evidence: 

a) Both formations contain almost 
identical percentages of the same tangible 
thirteen varieties of rounded tourma- 
line. This is shown in Figure 12. The pos- 
sibilities of both formations being de- 


23 See ftn. 8. 
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rived from a hypothetical common 
source are untenable on petrologic and 
statistical grounds. 

b) The rounded tourmalines in the 
Gatesburg formation have developed, 
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c) Certain rock fragments within the 
Bellefonte (such as some types of 
siliceous odlites) can be traced to the 
Gatesburg formation and also to some 
Lower Ordovician rocks. 
Blue 
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Fic. 12.—Correlation of two Paleozoic formations in Pennsylvania and New York State by means of 


frequency of tourmaline types. 


after their deposition, striking authigenic 
overgrowths of colorless sedimentary 
tourmaline (as discussed before), which 
are shown in Figures 3 (3), 5, 6, and 7. 
The rounded tourmalines in the Belle- 
fonte sand also have overgrowths, but 
these are abraded and worn (Fig. 3 


[34] ). 


This interpretation indicates a 3,500- 
foot hiatus between the Gatesburg and 
the Bellefonte. This break implies emer- 
gence, truncation, and erosion of the 
Gatesburg formation somewhere not 
very far from State College. The relative 
nearness (possibly less than 75 miles) of 
the area of emergence and truncation of 
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the Gatesburg is based upon the textural 
and physical characteristics (coarseness 
and extreme angularity) of some of the 
rock fragments within the Bellefonte 
sandstone which point toward a rather 
short transport. 

The Gatesburg formation in its origi- 
nal unweathered condition is a mixture 
of sandy dolomites and calcareous or- 
thoquartzites, with the sandy portions 
forming 20-30 per cent of the whole. A 
study of the Gatesburg along the Alle- 
gheny front shows that upon subaerial 
weathering the carbonates are leached 
out and a loose, highly porous sand is pro- 
duced. This sandy soil makes up the 
“Barrens” north of State College, and 
at many places the sand forms highly 
porous and permeable zones exceeding 
30 feet in thickness. This development 
is not unlike that which took place in the 
Oklahoma City oil field. Because of the 
intense tectonic deformation near the 
Allegheny front, the thicker sand zones 
produced by recent weathering on the 
Gatesburg are somewhat local and 
patchy in their distribution. However, 
the truncation and weathering of the 
Gatesburg formation during Bellefonte 
time apparently were controlled by a 
much gentler type of uplift, and hence 
the surfaces of weathering at that time 
must have been over much larger un- 
interrupted areas of sand development, 
which potentially are good oil reservoirs. 

Thus, a study of tourmaline varieties 
in central Pennsylvania leads not only to 
a determination of the genesis of a sand- 
stone member of Middle Ordovician age 
but also to the reconstruction of central 
and western Pennsylvania paleogeog- 
raphy during the same time. Finally, it 
points to the very possible existence of a 
sizable petroleum reservoir of the Okla- 
homa City type near the Cambro- 
Ordovician contact in west-central Penn- 








sylvania, possibly less than 75 miles 
northwest of State College. These petro- 
liferous possibilities, which are schemati- 
cally shown in Figure 13, deserve con- 
sideration and more detailed study. 

2. Origin of the Tuscarora quarizite 
and the Upper Ordovician tectonic his- 
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Fic. 13.—Possible development of weathered 
zone of porosity at the top of the Gatesburg-Pots- 
dam formations in northwestern Pennsylvania. In- 
terpretation is based on a study of the Gatesburg- 
Bellefonte relationship in central Pennsylvania, as 
shown, among other criteria, by the relative fre- 
quencies of tourmaline types (see Fig. 12). 


tory of the Appalachian geosyncline in 
east-central Pennsylvania.—In 1939 O. F. 
Tuttle** under the writer’s direction in- 
vestigated in considerable detail the 


44 P, D. Krynine and O. F. Tuttle, “Petrology of 
Ordovician-Silurian Boundary in Central Pennsyl- 
vania” (abstract), Bull. Geol. Soc. Amer., Vol. LII 
(1941), pp. 1917-18; see also O. F. Tuttle, “Petro- 
graphic Interpretation of the Ordovician-Silurian 
Boundary Problem in Central Pennsylvania” (un- 
published M.S. thesis, The Pennsylvania State Col- 
lege, 1940). 
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petrography of the Ordovician-Silurian 
boundary in central Pennsylvania. The 
work included both thin-section and 
heavy-mineral studies. It was found that 
the same three main types of heavy- 
mineral series are characteristic of the 
entire section but that they occur in 
different proportions within the differ- 
ent formations investigated. These min- 
eral assemblages, which are named, re- 


Tuscarora, of recognizable fragments of 
Cambrian quartzites. 

The results, showing the relative dis- 
tribution of this mineral assemblage 
within the Cambrian, Ordovician, and 
Silurian formations, are given schemati- 
cally in Figure 14. The diagram is a 
graphic adaptation of exact frequency 
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Fic. 14.—Relative distribution of the different 
mineral assemblages in Cambrian, Ordovician, and 
Silurian formations of central Pennsylvania. Dia- 
gram is graphic adaptation of exact frequency counts 
on a percentage basis. The ‘Cambrian assemblage”’ 
is made up of rounded tourmalines distributed ac- 
cording to the frequency pattern shown in Fig. 12. 
This illustration shows origin of Tuscarora through 
re-working of the Gatesburg. (After O. F. Tuttle.) 


spectively, the Crystalline Suite, the 
Cambrian Assemblage, and the Meta- 
morphic Suite, were derived from the 
erosion of different types of source area. 
Specifically the Cambrian Assemblage 
came from the erosion and re-working of 
Upper Cambrian rocks of the Gatesburg 
type, as discussed above. The evidence 
includes the comparison of tourmaline 
frequencies (along the lines discussed for 
the Bellefonte), the presence of abraded 
authigenic overgrowths on tourmaline 
grains, and finally the presence, within 
the coarser grained portions of the 
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UINTA QUARTZITE 
— — — WEBER QUARTZITS 


Fic. 15.—Frequency chart of tourmaline types 
in the Uinta and Weber quartzites and the Green 
River formation showing that the Weber quartzite 
is not entirely derived from the Uinta quartzite but 
that the Green River formation is derived from both 
the Uinta and Weber quartzites. 


counts on a percentage basis.” This sec- 
tion shows that, beginning with the Up- 
per Middle Ordovician, the eastern por- 
tions of the Appalachian trough were 
being elevated and eroded in such a way 
as to bring to the surface larger and 
larger areas of Cambrian quartzites, 
which contributed very largely to the 
makeup of the Tuscarora formation. 

25 Tuttle, “Heavy Minerals of the Ordovician- 


Silurian Boundary in Central Pennsylvania,” op. 
cit., p. 58. 
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Thus the study of the petrography of 
a source area, coupled with a thorough 
investigation of the mineral composi- 
tion of a sediment, makes it possible to 
reconstruct in some detail the tectonic 


writer’s direction investigated the pe- 
trography of several formations in Utah. 
One of the problems was the derivation 
of the Green River formation. It was 
desired to know whether the Green River 


TABLE 3* 
CORRELATION OF THE SPITZENBERG CONGLOMERATE ON THE BASIS OF TOURMALINE TYPES 

















(Modified after Allen Heyl) 




















' = Lower | , Upper 
Tourmaline Martins- | Blooms- | ,,._. Averaged Bese! Medium Middle Middle |. ap 
ici “eae oe Triassic | Spitzen- | Spitzen- Bittern. Spitzen- ia aaiay Spitzen- 
— oe = berg berg — | berg mae‘ berg 
berg berg 
Idiomor phic: | | 
Yellow to brown.|........ bieagukes xX X te Beds oes > an eee 4 x 
(K-1) | 
Pink to green....| X —_ xx xx x | x xx xx 
(K-3) | 
| 
Angular: } | 
Yellow-brown....] XXX | X | X xxx x x x pa x 
(K-1 modified) | 
| | | 
eee @ + > eee i x x xX 
(K-2) | | 
Blue... ‘ener |X xx | ae ae ot 
(K-4) | | 
| 
Rounded: 
Black... ie ee Rae a ip eee ee 
(K-IV) | | 
| | | 
Golden orange...| X | | x Xx 
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Dark brown.... | x . XX x | | ere ee ae fee eka oa 
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VII) | 
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*K, Krynine’s basic tourmaline types as established in the Bradford sand; K X X, abundant; XX ,common; and X, present. 


history of a large region. This shows the 
possibility of applying methods of sedi- 
mentary petrography, and especially the 
study of the tourmaline group, to the 
solution of problems of structural geol- 
ogy. 

3. Origin of the Green River formation 
in Utah.—In 1941 Thompson” under the 


26 See ftn. 20. 


formation was produced specifically 
through a _ re-working of the pre- 
Cambrian Uinta quartzite, or of the 
Carboniferous Weber quartzite, and 
whether the Weber quartzite, in its turn, 
had not also been derived from the Uinta 
quartzite. The Uinta and Weber tour- 
malines are rounded; the Green River 
tourmalines are either rounded, refrac- 
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tured (meaning rounded and _subse- 
quently broken up), or angular. Figure 
15 shows the distribution of the frequen- 
cies of rounded tourmalines within the 
three formations. It shows that the 
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Fic. 16.—Roundness diagram for tourmaline 

(4-1rg-mm. size), as used by Rittenhouse for differen- 
tiation between Massillon, Sharon, Black Hand, and 
Berea sandstones in Ohio, Pennsylvania, and West 
Virginia. 
Green River formation is a mixture de- 
rived from both the Uinta and Weber 
quartzites and that the Weber quartzite 
was not derived exclusively from the 
Uinta quartzite. 

4. Correlation of the Spiizenberg con- 
glomerate of eastern Pennsylvania. 
Mount Spitzenberg, near Hamburg, 
Pennsylvania, is capped by a conglomer- 
ate of uncertain age. It has been various- 
ly considered as an Ordovician or Silu- 
rian formation or possibly as a Triassic 
outlier separated from the main eastern 
Pennsylvania Triassic area. The prob- 
lem was investigated petrographically 
by Allen Heyl?’ under the writer’s di- 
rection in 1940. In addition to pebble 
counts and thin-section work, studies 
were made of the tourmaline varieties 
present in the Spitzenberg, the Triassic, 
and the Ordovician-Silurian (Martins- 

27“A Study of the Spitzenberg Conglomerate, 


Berks County, Pa.” (unpublished B.S. thesis, The 
Pennsylvania State College, 1941). 
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burg-Bloomsburg). The results of the 
tourmaline work are summarized in 
Table 3. This work was done on the 
basis of a qualitative or semi-quantita- 
tive estimation of relative abundances 
rather than on the basis of exact fre- 
quency counts. It shows, nevertheless, 
the close relation between the Spitzen- 
berg and the Triassic and served as one 
of the several methods of petrographic 
evidence used to correlate the Spitzen- 
berg and the Triassic. 

5. Differentiation of Upper Faleozoic 
oil and gas sands in the Appalachian 
Basin.—Preliminary investigations by 
Rittenhouse”® show the possibility of 
successful differentiation between several 
extremely similar and closely related 
Mississippian oil sands of eastern Ohio 
(Sharon, Berea, Blackhand, and Massil- 
lon sands). The first step of Rittenhouse’ 
procedure is a differentiation on the 
basis of the relative amount of rounded 
tourmalines within the four sands, as 
shown on Figure 16. This is followed by 
a series of additional tests according to 


Urheown sample 





>13% of tourmaline round <'3% of tourmoline round 
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Chromite in chromite — zircon—rutile roto 











- - _— 
>20% <20% <20% <20% 
Angular grains of tourmaline 
<59% >59% 
Pink ond “other” zircon 
>15% pink <15% pink 
<69% other 69% other 
SHARON BEREA BLACK HAND MASSILLON 
Fic. 17.—Flow sheet showing combined use of 


tourmaline roundness and other criteria for differen - 
tiation between several Paleozoic formations of the 
Appalachian region. (After Gordon Rittenhouse.) 


the pattern of the flow sheet shown in 
Figure 17, which alse involves the rela- 
tive frequency of angular tourmaline 
grains. 


28 See ftn. 21 
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THE TOURMALINE GROUP IN SEDIMENTS 


SUMMARY AND CONCLUSIONS 


The tourmaline group is one of the 
most abundant and most significant 
members of the heavy-mineral residues 
of sediments. Its study will repay itself 
many fold. Tourmaline can be used both 
for correlation and differentiation of 
formations and for successful interpreta- 
tion of ancient paleogeographic condi- 
tions, thus becoming, in some cases, a 
direct oil-finding tool. 
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NATURAL GLASS FROM MACEDON, VICTORIA, AND ITS 
RELATIONSHIPS TO OTHER NATURAL GLASSES 
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ABSTRACT 


A small quantity of natural glass from Macedon, Victoria, is shown to be like Darwin glass from Tasmania. 
The glasses from both localities are compared and contrasted with natural glass from other parts of the world. 

The results of secondary fusion of rocks under special circumstances during the fierce burning of tree 
trunks at two localities in Victoria suggest that these glasses may have developed during forest fires. This 
casts further doubt on the belief that Darwin glass is of tektitic (extraterrestrial) origin. 


INTRODUCTION 


Two small pieces of natural vesicular 
glass, donated to the Melbourne Uni- 
versity Geological Museum in June, 
1931,by Mr. F. H. McK. Grant, were col- 
lected during 1920 at a locality described 
as “half a mile above the top reser- 
voir, Macedon, Victoria.”” Mr. Grant, Jr., 
reported that he found them resting on 
the surface of ground bare of vegetation. 

The glass resembles Darwin glass de- 
scribed by F. E. Suess;? Loftus Hills;? 
T. W. E. David, H. S. Summers, and 
G. A. Ampt;3 and H. Conder* from the 
Jukes-Darwin mining field in west-cen- 
tral Tasmania. 

Further searches for pieces of the glass 
at Macedon have proved unsuccessful. 
Since only two fragments have been dis- 
covered, it is possible that they were 
transported there by human agencies. 
But if not brought in by man, the glass is 
of especial interest in being the only ma- 

t “Riickschau und Neueres iiber die Tektitfrage,” 
Mitt. d. geol. Gesellsch. Wien, Vol. VII (1914), pp. 
51-121. 

2“Darwin Glass,’ Rec. Geol. Survey Tasmania, 
No. 3 (1915), pp. 1-16. 

3“The Tasmanian Tektite—Darwin Glass,” 
Proc. Roy. Soc. Victoria, Vol. XX XIX, Part II (new 
ser., 1927), pp. 167-90. 

4“Darwin Glass,” Ind. Australian and Min. 
Stand., Vol. LXXXIX (1934), pp. 329-30. 


terial found outside Tasmania closely 
comparable with Darwin glass. 


DESCRIPTION OF THE GLASS 


One piece of Macedon glass, weighing 
2.735 gm., is dark gray in color; the 
other (2.215 gm.), light greenish-gray. 
Fracture surfaces have a highly vitreous 
luster, weathered surfaces are dull to sub- 
vitreous. Thin edges of the glass are 
translucent. The hardness is just under 
that of quartz. The specific-gravity val- 
ues are 2.080 for the dark-gray glass, and 
1.935 for the light greenish-gray glass. 

The specific-gravity values are com- 
parable with those for Darwin glass, 
given by David, Summers, and Ampt' as 
ranging from 1.874 to 2.180 (vesicular 
glass) and as 2.296 (material in the pow- 
dered state). Refractive indices are also 
similar, the darker Macedon variety be- 
ing 1.485-1.490, as determined by the 
immersion method, Darwin glass being 
1.486 and 1.497. 

The two irregularly shaped pieces of 
Macedon glass both have numerous sub- 
circular bubble pits and cavities (Fig. 1), 
ranging from a fraction of a millimeter up 
to 6 mm.X10 mm. in size. The walls of 
the larger cavities have the appearance 
of “hot polish,” but higher magnifica- 


5 Ftn. 3. 
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tions reveal minute pits and fine flow 
lines. The highly vesicular character of 
the glass might indicate boiling of the 
more volatile silicates in the original ma- 
terial. Temperatures of at least 2,500° C. 
would be necessary to bring about such 
action. On the other hand, the vesicles 
could be due to reactions liberating gases, 


FIG. 1. 
colored piece. Both pieces show large cavities and smaller bubble pits. 


such as CO,, SO., combined water, ab- 
sorbed air, or the various gases evolved 
during the thermal decomposition of 
minerals, such as hornblende, when 
heated to 1,000° C. 

A white to pink-colored, powdery sub- 
stance, made up of small subangular 
quartz grains in a fine-grained crypto- 
crystalline base (Fig. 2), occurs in some 
bubble pits. It is sometimes almost com- 
pletely enclosed by thin films of glass, is 
firmly attached to the cavity walls, but 
does not occur in the cavities within the 


20 MM. 


Sketch of the outer surfaces of natural glass from Macedon. 4, light-colored piece; B, dark- 
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interior of the glass (Fig. 2). It is uncer- 
tain whether this material is residual 
source substance or secondary in origin. 

Thin sections of various natural and 
artificial glasses were prepared for com- 
parison with Macedon glass. Samples of 
Wabar glass from Arabia were not avail- 
able for this purpose, but its structures 





o 
7 








have been illustrated by L. J. Spencer.® 
Figure 3C is a sketch from one of 
Spencer’s illustrations. Henbury glass 
was also figured by Spencer.’ The follow- 
ing are descriptions of thin plates cut 
from the various glasses. 

Macedon glass.—Colorless, with few 
smoke-colored streaks and numerous 


6 ““Meteoric Iron and Silica Glass from the Mete- 
orite Craters of Henbury (Central Australia, and 
Wabar (Arabia),” Min. Mag., Vol. XXIII (1933), 
Pl. XIX, Figs. 23 and 24, pp. 387-404. 


7 Ibid., Pl. XX, Fig. 25. 
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bubble cavities (Fig. 3B). Mainly iso- 
tropic, with birefringent material in a 
few cavities at the edges of the sample. 
The flow lines are conspicuous. The only 
inclusions within the glass are occasional 
irregular, elongated, and twisted particles 
with a pinkish cast, regarded as lecha- 
telierite® that has not been entirely ab- 
sorbed into the homogeneous portions of 
the glass. In all of these characteristics, 
Macedon glass is similar to Darwin glass. 


CRYPTOCRYSTALLINE 





Fic. 2.—Sketch microsection showing subangular 
quartz grains set in microcrystalline material. X 230. 
From white substance occurring in some of the 
bubble pits. 


Magnetic metallic spheres, abundant in 
some specimens of Darwin glass and less 
prominent in glass from Henbury, Cen- 
tral Australia,? are wanting in Macedon 
glass. 

Darwin glass (Fig. 3A).—Resembles 
Macedon glass in thin section, but flow 
lines and colored streaks are rather more 


8 George Baker, “Flanges of Australites (Tek- 
tites),”” Mem. Nat. Mus. Melbourne, No. 14, Part I 
(1944), P. 13. 

9L. J. Spencer, “Answer to Fenner’s ‘Origin of 
Tektites,’”’ Nature, Vol. CXXXII (1933), p. 571. 
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conspicuous. Paler colored bands in the 
glass with weak strain polarization are 
more distinct when a sensitive tint plate 
is inserted between the crossed nicols. 
Lechatelierite particles are similar in 
shape and occurrence to those in Mace- 
don glass. 

Henbury glass.*°—Dark brown to light 
greenish-brown in color; parts are color- 
less. Mainly isotropic, with occasional 
weakly birefringent patches representing 
nonfused quartz remnants of angular out- 
line and tridymite. The colored portions 
are sometimes streaky, and rare lecha- 
telierite particles are mostly irregular in 
shape; some are hooked and twisted." 
The glass (Fig. 3D) is as vesicular as 
those from Macedon and Darwin. 

Artificial glass.—Artificial glass, pre- 
pared by the fusion of leached sandy clay 
collected at Broken Head in the Port 
Campbell district, Victoria, is similar to 
Macedon and Darwin glass in many re- 
spects. It was formed by fusion in an oxi- 
dizing oxyacetylene flame on a carbon 
boat, from clay containing 6 per cent 
material soluble in HCl, 27.5 per cent 
quartz sand, and 66.5 per cent clay con- 
stituents. The glass is mainly colorless 
and isotropic, with numerous pseudo- 
morphs of lechatelierite after quartz 
(Fig. 4.4), the presence of which seems to 
suggest that particles of quartz were 
fused but not celd at fusion temperature 
long enough to react with and be ab- 
sorbed by the surrounding material, so 
that they cooled as SiO, in the form of 
lechatelierite. Many small bubbles occur 
within the lechatelierite particles and im- 
mediately surrounding glass, thus sug- 
gesting that they resulted from boiling 
and emanation of gases during the change 
from quartz to lechatelierite. The pinkish 
lechatelierite particles are mostly shaped 


10 See Spencer, Pl. XVIII, Fig. 20, of ftn. 6. 
1 Baker, Fig. 3, p. 14, of ftn. 8. 
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like irregular flints;* their color is prob- 
ably due to differential absorption of 
light at contacts with the host glass or 
within the particles themselves, although 
V. E. Barnes" suggested that the pinkish 
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tropic. Numerous minute bubbles are re- 
garded as air vesicles by A. A. Julien."4 
Rare polarizing uniaxial areas confined to 
exterior parts of the glass are residues of 
incompletely fused quartz, while biaxial 
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Fic. 3.—Sketch microsections of various natural glasses. A, Darwin glass, Tasmania. X21. Colorless 
glass with occasional light-brown patches, oval and rounded bubble cavities, flow lines and rare lechatelierite 
particles (dark stippling). B, Macedon glass, Victoria. X 21. Colorless glass with light-brown streaks, numer- 
ous small, round gas cavities, flow lines, and rare lechatelierite particles (dark stippling). C, Wabar glass, 
Arabia. X 28.5. Portion of small “bomb” of pale-brown glass with dark-brown (darker shading) and colorless 
streaks. The black spots are spheres of nickel-iron metal embedded in the glass. D, Henbury glass, central 
Australia. X 21. Dark-brown glass with pale-brown to colorless streaks. Irregular and rounded gas cavities. 
Lechatelierite particles (dark stippling) relatively common. 


portions represent tridymite. The bire- 
fringence of the margins of such areas is 
weaker than in central portions; this may 
indicate strain due to differential con- 
traction between the glass and the adjoin- 
ing quartz. Rare streaks and patches of 
smoky-gray to brownish-colored ma- 


cast is due to reflections from the enclos- 

ing glass. In incompletely fused areas, un- 

altered quartz grains are angular, sub- 

angular, and rounded in outline. 
Fulgurites.—The lechatelierite glass of 

fulgurites (Fig. 4.D) is colorless and iso- 
12 Thid., Fig. 3H, p. 14. 


13 “North American Tektites,” Univ. Tex. Pub. 
3945 (1940), Pp. 505. 


14 “A Study of the Structure of Fulgurites,” Jour. 
Geol., Vol. TX, No. 2 (1901), p. 676. 
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terial, similar to those recorded in a ful- 
gurite from Poland,’ probably represent 
glass with rather more iron oxide. Flow 
lines are inconspicuous, but the arrange- 
ment of certain bubbles around larger 


less lechatelierite glass*® which is iso- 
tropic. In some sections, smoky-brown 
areas show weak birefringence. The glass 
is honeycombed with small bubbles. No 
pinkish-colored particles were observed, 





























Fic. 4.—Sketch microsections of various natural and artificial glasses. 


A, artificial glass (fused sandy 


clay). X68. Light- and dark-brown glass with numerous lechatelierite particles and partially fused quartz 
grains shown by dark stippling. B, silica glass, Sand Sea, Libyan Desert. X 21. Clear, colorless to pale-yellow 
glass with few fine flow lines and crystal of cristobalite. C, silica glass (fused sandstone), Meteor Crater, 
Coconino County, Arizona. X21. Irregularly shaped gas cavities and interlocking areas of glass. D, silica 
glass (lechatelierite), fulgurite from Macquarie Harbor, New South Wales. X21. Showing irregular outer 
and smooth inner walls. Clear glass with rare flow lines and darker-colored streaks. Dark areas (rare) 
represent partly fused quartz (probably tridymite or cristobalite). 


cavities indicates some glass flowage. 
Only three lechatelierite particles were 
seen in one fulgurite section; all are nodu- 
lar in shape and isotropic, with a lower 
refractive index than the enclosing glass. 

Natural glass from Meteor Crater in 
Arizona (Fig.4C).—This consistsof color- 


8 Tbid., p. 673. 


although they have been recorded by 
A. F. Rogers.*7 
Libyan Desert glass —This is clear and 


16 A. F. Rogers, “A Unique Occurrence of Lecha- 
telierite or Silica Glass,” Amer. Jour. Sci., Vol. XIX 
(5th ser., 1930), pp. 195-202. 


17“Natural History of the Silica Minerals,” 
Amer. Min., Vol. XIII (1928), Pl. IV, Fig. 14. 
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colorless to pale greenish-yellow," with a 
few brown parallel streaks and bands 
(Fig. 4B). Occasional patches show con- 
torted flow lines; parts are cloudy be- 
cause of numerous minute bubbles. A 
few white spherulites of cristobalite were 
recorded by L. J. Spencer.’® Thin layers 
of glass around the cristobalite have a 
slightly higher refractive index than the 
rest of the glass. This was caused by 
rapid chilling and, according to J. W. 
Greig,?° results from the cristobalite ab- 
stracting SiO, from the surrounding glass 
during chilling. Rare, irregularly shaped 
bodies of lower refractive index than the 
host glass are probably lechatelierite par- 
ticles, although Barnes” stated that 
lechatelierite particles similar to those in 
tektites are absent from the Libyan glass 
and remarked that, since this is essen- 
tially lechatelierite glass, the absence of 
the particles is easily explained. It is to 
be noted, however, that such particles 
also occur in fulgurites, which are them- 
selves essentially lechatelierite glass. 

Artificial silica glass —This glass, pre- 
pared for chemical ware, is clear and col- 
oriess in thin section and entirely iso- 
tropic. There are no streaks, flow lines, 
or lechatelierite particles in this well- 
mixed glass, prepared from selected con- 
stituents. 


THE VARIOUS GLASSES 
COMPARED 


Considerable variations occur in the 
complexity of flow-line patterns, number 
and nature of included particles, bubble 
content, and color of these glasses. 

81. J. Spencer, “Silica Glass from the Libyan 
Desert,” Min. Mag., Vol. XXIII (1934), pp. 501-8. 

19 “Tektites and Silica Glass,” ibid., Vol. XXV 
(1939), PP. 425-40. 

20 “‘Tmmiscibility in Silicate Melts,”’ Amer. Jour. 
Sci., Vol. XIII (1927), pp. 1-44 and 134-54. 
atP, 492 of ftn. 13. 
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Macedon and Darwin glass resemble 
that produced on fusing natural impure 
clay. The clearer glass from Libya more 
closely approaches silica glass used for 
chemical ware, both in purity and in ap- 
pearance in thin sections. The nature of 
the glass formed in each instance thus 
depends primarily upon the character of 
the original unfused material; secondar- 
ily, it depends upon temperature and 
time involved, irrespective of the means 
of fusion. Those with fewer lechatelierite 
particles, a small proportion of the glass 
showing streaks and bands and few bub- 
bles, indicate more thorough mixing, 
since most irregularities have been 
smoothed out inthem. Thegreater vesicu- 
larity and slaggy appearance of the natu- 
ral glasses from Darwin, Macedon, Hen- 
bury, and Meteor Crater undoubtedly 
remove them into a class quite apart 
from the true tektites. 

The refractive indices and specific- 
gravity values of the various natural 
glasses examined are compared in Table r. 

The two values for the Meteor Crater 
glass are quoted from Spencer” and from 
Rogers,”* respectively. Where available, 
silica percentages have been included to 
show the progressive lowering of refrac- 
tive indices and specific gravities as silica 
increases; this relationship for many of 
the natural glasses has been shown in 
graph form by Spencer.”4 

The position of the Macedon glass in 
Table 1 suggests a silica value of about 
86 per cent, similar to that of Darwin 
glass. Analyses of the Darwin glass are 
compared in Table 2 with those of glasses 
from other parts of the world. 

It is seen from Table 2 that Darwin 
glass (and therefore probably Macedon 
glass also) is richer in alumina and mag- 

22 See ftn. 19. 


23 Pp. 73-92 of ftn. 17, and ftn. 16. 
44 P. 430 of ftn. 19. 
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TABLE 1 
REFRACTIVE INDEX AND SPECIFIC GRAVITY OF NATURAL GLASSES 




























. ’ Per Cent 
Glass R.I. S.G. SiO, 
ee Aree 1.545 2. 31 68. 88 
og I eer ae I. 500 2.24 87.45 
3. Darwin pale greenish-gray....... BO es ksusdas ‘ 87.00 
4. Macedon dark gray.......... I. 490 See See 
5. Darwin smoky-gray.......... 1. 486 2. 296 86. 34 
6. Macedon light greenish-gray...... 1. 485 7 ay eee 
> RR 1. 468 2.10 92. 88 
8. Libyan pale yellowish-green....... 1. 462 2. 206 97.58 
9. Meteor Crater white............. 1. 460 2.10 98. 63 
10. Meteor Crater white............ 1.458 Sree 
11. Artificial (chemical ware)....... . 1.458 2. 203 100. 00 





TABLE 2 


CHEMICAL ANALYSES OF NATURAL GLASSES 































& 
II. 
IIT. 
IV. 
VI. 


VII. 
VIII. 


IX. 


XIII. 


XIV. 
XV. S 


SiO, 92.88) 87.45| 68.88/86.34 | 87.00\88.764/89 813} 98.20 | 71.70| 70.22| 70.61! 50 87 66.04 |57.40 | 81.03 § 
Al,O; 2.64 1.77| 5.60} 7.82 8.00] 6.127) 6.207) 0.70 | 13.90) 13.96) 8.50 14.33] 1.55 | 1.81 2.99 
FeO; 0.23] 0.28] 8.46] 0.63 | 0.19].. 0.258] 0.53}) 6 44] 6.58} 2:52) 5-37| 0.59 1o.s9 | 0.58 
FeO ©.53| 5-77] 7-92) 2.08 I 93| 1.238) 0.895] 0.24) 7 5 5.96 7.25 caer °.78 
MnO ©.01] 0.01] 0.05] nil. nil. tr. tr. ©.02} 0.02} 0.34) 0.58 . tr. 
MgO. 2.47} 0.60] 2.03] 0.92 0.82] 0.575| 0.727} 0.01 2.70] 2.71) 0.07, 4.51| 3.80 | 5.56 1.15 
CaO 1.46] 1 90} 2.51| 0.05 | nil. | 0.174 0.30 5.25| 4.65} 0.61) 8.22) 6.00] 8.56 8.21 
Na,O ©.42| 0.39] 0.03] 0.15 0.14] 0.129] 0.010} ©.33 | n.d. n.d. 6.77; 3.39) 6.88 | 8.98 2.34 
K,0.. 1.61} 0.58) 1.43) 0.87 | 0.99] 1.363] 1 oro} 0.02 | n.d. n.d. | 4.46 1.35/11.98 {13.58 2.07 
H,0+ 0.32] 0.04] 0.03] 0.43)\| 6| | es Gl Bier ns Syekes 0.17 I RS 0.20 
H,0— 0.11] 0.08] 0.05] 0.03) panagss See | Ge Bick @: 98}. ..60 | $s 0.04 
CO, ~ Pee ® nil. nil. 0.03}. oak a 
TiO, 0.12} 0.15) 3.64) 0.52 0.51] 1.240] 0.857] 0.23 tr. tr. S.35). 3. 2- <> aye 0.34 
P,Os. tr. tr. | nil tr. nil. | | : -| 0.07 | |} 0.24 
ZrOs. nil. } o.1r | tr.(?) ; } 
Cri0; nil | | nil. nil | se ; ’ OR ey i 
NiO. nil. |" 0.35] 0.28] nil. | nil. |... | on acy es eeeeet 0.06 | 
CoO nil tr. | tr. | nil. ~ h RESS ORE TPNRieE 'GOCTS 
CuO nil nil tr. see! s | 
BaO nil. |. nil. - * ‘| ; | 
SrO. 0.01} o.or nil. | nil. nil. | 
SO; .| nil, nil. “ | ee |-- ee | nil 
Cl | nil. | nil.(?) | nil.(?) .| | tr. 
S.. nil. | | Bees s | | 

ees - as Ors Seare Ore eras nie Se a See i aseaatian 

Total. . 


* Plus 2.69 per cent carbonaceous matter. 
t Plus 3.16 per cent carbonaceous matter. 


| I | II | Ill | IV Vv | VI | vit | VIII | IX | x | XI XII | XII | XIV | X\ 



























































100.81) 99.38)100.91/99.95 | 99.94/99. 610/\99 end 100.64/100 27) 98.14/100 08 99.91 99 53*/99 64t| 99.07 
| | | | | | 





NOTES FOR TABLE 2 


White glass, Wabar, Arabia (L. J. Spencer, ‘‘Meteoric Iron and Silica Glass from the Meteorite Craters of Henbury [Central 
Australia] and Wabar [Arabia],’’ Min. Mazg., g> XXIII [1933], pp. 387-404; anal. M. H. Hey). 

Black glass, Wabar, Arabia (idid.; anal. M. H. ¥ ey). 

Black glass, Henbury, Central Australia (anal. vs Mi. Hey). 

Smoke-gray glass, Darwin, Tasmania (T. W. E. David, H.S. Summers, and G. A. Ampt, ‘‘The Tasmanian Tektite-Darwin 
Glass,’’ Proc. Roy. Soc. Victoria, Vol. XXXIX, Part II {new ar, sort, pp. 167-90; anal. G. A. Ampt). 





V. Pale greenish- gray glass, Darwin, Tasmania (ibid.; anal. G. A. Ampt). 


Olive-green glass, Darwin, Tasmania (L. Hills, “Darwin G ae ’ Rec. Geol. Surv. Tasmania, No. 3 [1915], pp. 1-16; anal. E. Lud- 


wig). 
Dirty-white glass, Darwin, Tasmania (ibid.; anal. E. Ludwig). 

Greenish-yellow glass, Libyan Desert (L. J. Spencer, ‘“Tektites and Silica Glass,’’ Min. Mag., Vol. XXV [1939], pp. 425-40; 
anal. M. H. Hey). 

Australite glass (flange), Mulka, Lake Eyre District, South Australia (anal. A. B. Edwards). 


X. Australite glass (core), Mulka, Lake Eyre District, South Australia (anal. A. B. Edwards). 


Obsidian, British East Africa U.P Iddings, Igneous Rocks [1913], Vol. Il, p. 581). 


’ Tachylyte, Meredith, Victoria (anal. A. G. Hall, 1914) Rec. Geol. Surv. Victoria, Vol. III, p. 


Straw silica glass, O. B. Flat, South Australia (Cc. Fenner, ‘‘Australites. Part IV. The John ooo Collection,’’ Trans. Roy. 
Soc. So. Aust., Vol. LXIV {r940], pp. 305-24; anal. F. L. "Dalwood). 
ae silica lass, Compton Downs, South Australia (ibid.; anal. F. L. Dalwood). 

lag formed from "charcoal (boxwood) i in the suction gas plant, AT ee F. F. Field, 1924). 
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nesia but poorer in iron and lime than 
most of the other glasses, while the Hen- 
bury glass is among the most basic. 


ORIGIN OF THE NATURAL GLASSES 


There seem to be no grounds for sus- 
pecting that fulgurites have been formed 
in any other wey than by instantaneous 
fusion of sands by lightning, as advocated 
by A. A. Julien,’ or for doubting that the 
Henbury, Wabar, and Meteor Crater 
glasses were formed as products of fusion 
on meteoritic impact.” The latter are 
found associated with meteorite craters, 
iron shale, and metallic meteorites. The 
Kofelsite from near Kéfels in the Oecetz 
Valley, Tyrol, which was called meteor- 
schmelz by F. E. Suess,?7 probably is in 
the same category. Dr. H. B. Stenzel has 
suggested** that such glasses should be 
termed “‘impactites,” a very appropriate 
name for them. The origin of the Libyan, 
Darwin, and Macedon glasses, however, 
is debatable because of lack of conclusive 
evidence. 

As Darwin and Macedon glass are so 
similar in many ways, being to all intents 
and purposes identical in hand specimens, 
it is assumed that they were probably 
formed in a similar manner from similar 
material. Reviewing theories already pre- 
sented to account for Darwin glass and 
including further evidence concerning the 
formation of natural glass on the earth’s 
surface (neglecting, of course, the chilling 
of magma and lava), the authors advance 
the following arguments. 

Extraterrestrial origin.—Previously, 
Darwin glass has been classed with tek- 
tites and therefore regarded as having 


25 Pp. 673-93 of ftn. 14. 
26 See ftn. 6. 


27 “Tyer Meteor Krater von Kéfels bei Umhausen 
im Otzale, Tirol,’ Neues Jahrb., Min. Abt., Vol. 
LXXII (1936), pp. 98-155. 


28 See ftn. 13 (in Barnes’ Paper). 
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fallen from outer space as pieces of high- 
ly siliceous vesicular glass.” There is no 
known means at present of confirming 
such a theory of origin; but the irregular 
fragments, some of which are very ve- 
sicular, are not in accord with the charac- 
ter of the well-known tektites (regarded 
by most workers as extraterrestrial). 

Several thousand tons of Darwin glass 
are estimated to have been found® scat- 
tered over the Jukes-Darwin mining 
field of western Tasmania, whereas at 
Macedon, Victoria, some 350 miles away, 
only two pieces, of total weight 4.95 gm., 
have been found. There is no record of 
additional finds in the intervening area, 
but the possibility exists of burial be- 
neath superficial deposits. 

It is doubtful whether the small 
amount of Macedon glass, situated so far 
from the main field of occurrence in Tas- 
mania, could have been formed in an 
extraterrestrial manner comparable to 
that advocated for Darwin glass. 

Artificial origin.—An artificial mode of 
origin, as advocated by F. Berwerth,* 
has been shown to be unlikely and is un- 
acceptable at the present day. 

Origin by lightning fusion.—E. J. 
Dunn” considered that there was more 
than a cursory resemblance between Dar- 
win glass and the fulgurites from Griqua- 
land in western South Africa. Apart from 
this suggestion, nothing has been brought 
forward to support the idea that Darwin 
glass may have been fused by lightning. 
In the Macedon district, there is no evi- 
dence of the effects of lightning discharge 


29 David, Summers, and Ampt, pp. 167-90 of 
ftn. 3. 

3° Pp. 329-30 of ftn. 4. 

3 Kénnen die Tektite als Kunstprodukte gedeu- 
tet werden? (Eine Bejahung),” Ceniralbl. f. Min., 
1917, PP. 240-54. 

32“Additional Notes on Australites. Darwin 
Glass,” Proc. Roy. Soc. Victoria, Vol. XXVIII, Part IT 
(new series 1916), p. 227. 
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on the rocks or soils. Rock fused by 
lightning has been pictured by Julien,34 
but J. D. Laudermilk and T. G. Ken- 
nard*4 found that percussion marks and 
radial flaking were the common features 
caused by lightning discharges striking 
rocks. No such features are evident in the 
locality from which the Macedon glass 
was collected. Moreover, it is certain that 
Macedon glass (likewise Darwin glass) 
differs from fulgurites in several specific 
characteristics. Appearance of the sur- 
face, as well as difference of form and the 
absence of birefringent areas from the 
Macedon glass, makes it apparent that 
lightning was not the cause of formation. 

Origin by fusion of meteoritic impact.— 
Both Spencer’ and H. Michel** regarded 
the heat of meteoritic impact as respon- 
sible for the formation of Darwin glass. 
On this hypothesis, siliceous material of 
terrestrial origin has been fused by the 
intense heat developed when an iron 
meteorite strikes the earth’s surface. 
Spencer?’ has pointed out that Suess, a 
world authority on tektites and silica 
glass, had originally accepted the Dar- 
win glass fragments as tektites but had 
later (1933) agreed that Darwin glass 
should be classed with the silica glass of 
meteorites. H. Conder** also favored an 
origin by means of meteoritic splash, 
because of the occurrence in Darwin 
glass of strings of metallic spheres, which 
he considered were the same as such 
strings in Wabar glass from Arabia, a 
glass undoubtedly arising from the 
fusion of terrestrial materials by the 


33 P. 690, Fig. 3, of ftn. 14. 

34 “Concerning Lightning Spalling,” Amer. Jour. 
Sci., Vol. XXXV (5th ser., 1938), pp. 104-22. 

35 P, 432 of ftn. 10. 


36 “Tektite,” Fortschr. Min., Krist., U. Petrog., 
Vol. XXIII (1939), pp. cxliii-cxlv. 


37 See p. 432, ftn. 19. 
38 See ftn. 4. 


heat of meteoritic impact. Conder found 
it difficult to accept previous ideas that 
the Darwin glass, like tektites, had de- 
scended as a kind of meteoritic hailstorm 
or as a large mass which exploded as it 
reached the earth. 

To account for the fact that some 
thousands of tons of Darwin glass occur 
over an area 10 miles long by 6 miles 
wide, however, the fall of a very large 
single meteorite or a great number of in- 
dividual meteorites would have to be 
postulated. There is no evidence to show 
that such an event occurred. Neither is 
there any evidence at Macedon which 
would indicate that Macedon glass was 
formed by the fusion of siliceous sands as 
a consequence of the heat of meteoritic 
impact, although it is realized that the 
effects of such impact may be insignifi- 
cant at times or, if marked, may be 
rapidly wiped out. Meteorite craters, if 
formed, may be readily removed by 
erosion. Metallic meteorites are rapidly 
oxidized in certain climates, so that all 
traces of them may be removed by the 
dispersal of iron oxides in solutions, or 
they may even be buried from view. 
Stony meteorites also readily disinte- 
grate in climates like that now extant in 
the Macedon district. Silica glass may 
thus be all that remains as evidence of a 
past meteorite fall—and that only by 
virtue of its chemical stability. Neverthe- 
less, it ‘s considered highly unlikely that 
the large amount of Darwin glass and the 
small quantity of Macedon glass result 
from meteoritic impact. 

Origin by the heat of bush fires—Origin 
of natural glasses by this means has to 
be considered from two aspects. First, ‘ 
the actual fusion of rocks and soils in a 
forest fire and, second, development of 
pieces of glass by the accumulation of the 
silica contained in vegetation. 

Certain rock specimens have recently 
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been found in Victoria which throw some 
light upon the way in which secondary 
fusion of rock fragments can occur at or 
near the surface of the ground. A speci- 
men of partially weathered anorthoclase 
trachyte, collected by Mr. Grant, Jr., 
from the same locality in which the natu- 
ral glass was found eighteen years previ- 
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clay, were angular and not embayed. 
One of the glassy films on this specimen 
shows structures which resemble the 
impressions of wood fibers (left-hand 
fused area in Fig. 5), indicating that a 
thin portion of the surface of the rock 
became fused in contact with hot char- 


coal. 





Fic. 5.—Surface of partially fused, weathered anorthoclase trachyte from Macedon, Victoria. X 1.6. 


Photograph by J. Spencer Mann. 


ously, shows small partially fused areas 
on the more weathered surface (Fig. 5). 
Such areas consist of a thin glassy film, 
with associated angular anorthoclase 
crystals. These crystals might be expect- 
ed to have suffered rounding and em- 
bayment on heating; but since they show 
no evidence of this, it cannot be con- 
cluded that fusion has not occurred, be- 
cause many quartz crystals, for instance, 
which were only partially fused in the 
formation of artificial glass from sandy 


Even more convincing are occurrences 
of secondarily fused basalt recently dis- 
covered by the authors and by Mr. H.R. 
Samson, on the crater rim of Mount 
Franklin in central Victoria. Pieces of 
carbonized wood were found still em- 
bedded in the re-fused outer surfaces 
(Fig. 6) of basalt fragments caught up in 
a partially burnt-out tree trunk. The tree 
trunk, of approximately 2 feet in diame- 
ter, had fallen over; and scattered around 
it were films, gobbets, and flat cakes of 
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glass on basaltic soil (Fig. 7, B and C). 
Both the soil from decomposition of the 
basaltic scoria forming Mount Frank- 
lin and fragments of anorthoclase basalt 
were fused. A crystal of anorthoclase is 
shown in the top right-hand corner of 
Figure 6 and, like the anorthoclase crys- 
tals from the Macedon trachyte, is quite 
angular. 


Fic. 6. 


_ aye 
$7 ae eee. & kone s 


Thin sections of the outer re-fused sur- 
faces show a glassy basalt film with a 
few bubbles and some skeleton crystals 
of iron oxide; this forms a thin veneer to 
a vesicular, fine-grained basalt with feld- 
spar, augite, anorthoclase, and olivine 
crystals. In some examples, the outer re- 
fused surface basalt has flowed in the 
manner shown in Figure 7, A. 


” a 


Secondarily fused basalt from almost burnt-out tree trunk, Mount Franklin crater rim, central 


Victoria (natural size). Showing thin glassy surface crust (on Jeft) and cellular character of interior. C in- 
dicates remaining fragments of wood charcoal embedded in cavities. White crystal (top right) is anortho- 
clase, apparently unaffected by the secondary heating. Photograph by Miss M. L. Johnston. 











Fic. 7.—Secondarily fused basalt from within and around partially burnt-out tree trunk. A, showing 
rolled-over edge of glassy basalt formed by secondary fusion of vesicular basalt. Natural size. B, thin cake 
of fused basalt soil with impressions of vegetable matter. Natural size. C, showing glassy surface of re-fused 
basaltic scoria; white areas are probably blebs of wood-ash salts embedded in and encrusting the glass. 
Natural size. Photographs by Miss M. L. Johnston. 
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The basalt fragments unquestionably 
suffered secondary fusion when caught up 
in a burning tree trunk, but there must 
have been special conditions to bring this 
about. In most areas examined after bush 
fires in Victoria, there is no evidence simi- 
lar to that found at Mount Franklin. It 
is known that even the extremely hot 
bush fires in Victoria have little effect on 
the surface layers of soil in most in- 
stances. In the disastrous fires of 1926, 
bracken ferns from 3 inches deep sent up 
fronds 13 days after the fires. Clods of 
earth from the roots of a burnt-out eu- 
calyptus tree at Arthur’s Seat, Dromana, 
Victoria, were only slightly baked and 
contained beetle cases which had not 
even been slightly incinerated. 

V. E. Barnes*® has expressed doubt as 
to whether bush fires are sufficiently hot 
to form natural glass by fusing products 
of disintegration on the surface of the 
earth; but, given the right set of condi- 
tions, it seems likely that sufficiently 
high temperatures can be developed. 
The only measurements available to the 
authors of temperatures attained during 
forest fires indicate that they are usually 
too low to cause rock fusion. N. C. W. 
Beadle*’ recorded temperatures of 50° C. 
in soil at depths of 1 foot from a controlled 
forest fire allowed to burn for 8 hours. At 
a depth of 1 inch the temperature was 
recorded as over 250° C., and at the sur- 
face as 450° C. Beadle also stated that 
the Hawkesbury sandstone soils in New 
South Wales were not affected to any 
great extent by fire, the water-retaining 
capacity, loss on ignition, and pH value 
not appreciably altering.” 

If, therefore, forest fires have little ap- 
preciable effect upon the physical proper- 


39 P, 540 of ftn. 13. 


4° “Soil Temperatures during Forest Fires and 
Their Effect on the Survival of Vegetation,” Jour. 
Ecol., Vol. XXVIII (1940), pp. .180-92. 


4" Tbid., p. 184. 
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ties of soils, they should, in the light of 
Beadle’s experiments, be disregarded as 
a likely agent for the fusion of exposed 
surfaces of rocks or of disintegration prod- 
ucts to form natural glass. Since, how- 
ever, the ground temperatures recorded 
by Beadle are practically minimum tem- 
peratures, it must be remembered that 
it is quite easy to get temperatures up to 
1,800° C. by drawing air through burn- 
ing charcoal at a high enough speed. An 
approach to such high temperatures 
might be obtained in a bush fire, given 
the right set of conditions, such as a tall, 
hollow tree with an unobstructed air 
path up its middle. These were the cir- 
cumstances in which the re-fused basalt 
fragments were produced at Mount 
Franklin in central Victoria, where, in 
addition, fluxes from the wood ash as- 
sisted in ready re-fusion of the basaltic 
material caught up in the partially burnt- 
out tree trunk. 

In connection with the second proba- 
bility—the fusion of the silica content of 
certain plants and its collection into 
blebs and gobbets of natural glass during 
the burning of such vegetable matter— 
evidence is forthcoming to show that 
some plants do leave a residue of glass on 
incineration. Thus R. Spruce* stated 
that Licania bark contains a great quan- 
tity of silex (=silica), which can be ob- 
served in the bark with a hand lens. The 
burnt bark turns out a flinty mass. It is 
calcined by the natives of the Amazon 
and mixed with clay for pottery-making. 
Then, again, samples of glass resulting 
from the burning of hayricks and known 
as ‘straw silica glass” have been reported 
from time to time.** An example of glass 
formed from the burning of a tree has 


42 Notes of a Botanist on the Amazon and Andes, 
Vol. I (London: Macmillan & Co., Ltd., 1908), p. 12. 


43 C. Fenner, “Australites. Part IV. The John 
Kennett Collection,” Trans. Roy. Soc. So. Aust., 
Vol. LXIV (1940), pp. 305-24. 
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recently been recorded from La Pine in 
Oregon by J. H. Pruett.*4 Clinkers of 
fused wood ash were discovered in burnt, 
hollow tree trunks after forest fires, and 
these clinkers were referred to as pseudo- 
meteoritic glass under the name of ‘“‘the 
tree meteorite.” The foregoing examples 
are sufficient to show that natural glass 
can be formed under certain conditions 
both by the fusion of rocks during bush 
fires and by the incineration of silica- 
bearing plants. 

In the light of these observations the 
question arises as to whether Darwin 
glass and Macedon glass can have origi- 
nated in any way during forest fires. In 
western Tasmania an abundant species 
of button grass contains up to 2 per cent 
of silica. This amount might be sufficient 
to account for the formation, on burning 
of the plants, of the bleblike and irregular 
pieces of natural glass like Darwin glass. 
The lateral and vertical extent of the 
glass would, under these circumstances, 
be limited by the distribution of the sili- 
ca-bearing plants and by the extent of 
the bush fire. 


THE EVIDENCE OF THE MINOR ELEMENTS 


Since so little of the glass from Mace- 
don was available, routine chemical 
analyses were not undertaken; instead, 
spectrochemical analyses were performed 
on small chips. Although this type of 
analysis does not give accurately the 
amounts of major elements present in the 
sample (i.e., those of 5 per cent or more), 
the amounts of minor elements can be 
assessed fairly closely. Hence spectro- 
chemical analyses of various natural 
glasses of known origin were made con- 
jointly with those of Macedon glass in 
the hope that if any correlation could be 
established between the minor-element 


44“The ‘Tree Meteorite’ of La Pine, Oregon,” 
Pop. Asir., Vol. XLVII (1939), pp. 150-51. 
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content of a glass and its mode of origin, 
some light would be thrown on the origin 
of Macedon glass. 

The comparison table (Table 3) thus 
contains the results of spectrographic 
analyses of the following glass types: (1) 
glass produced by fusion of sedimentary 
material during meteoritic impact (Mete- 
or Crater and Henbury glass); (2) glass 
produced by fusion of sediments during 
lightning discharge (fulgurite glass); (3) 
tektite glass (from core and flange of Mul- 
ka australite); and (4) volcanic glass 
(Pelée’s hair, obsidian, and tachylyte). 

Analyses were also performed on glass 
produced by fusion of sedimentary ma- 
terial in an oxyacetylene flame and on 
two naturally occurring glasses (Libyan 
and Darwin) of uncertain mode of ori- 
gin. The latter resembles Macedon glass 
and, like it, was divided into a light and 
a dark variety for analysis. 


TECHNIQUE OF ANALYSIS 


The analyses were carried out with the 
aid of a Hilger Medium quartz spectro- 
graph, the range 2,100-4,000 A.U. occu- 
pying about 7 inches of a 10-inch photo- 
graphic plate. The excitation source was 
a low-voltage D.C. arc, the method of 
cathodic excitation described by L. W. 
Strock* being used. High-purity graph- 
ite electrodes were used, the lower (nega- 
tive) electrode being turned and drilled 
to form a thin-walled cup for the recep- 
tion of the glass samples. Cutting and 
drilling were performed in a single opera- 
tion by a revolving cutter mounted co- 
axially about the drill. The hard steel of 
the cutting system did not give rise to any 
detectable contamination of the elec- 
trodes. 

Small samples for arcking were ob- 
tained by breaking off fragments of the 


48 Spectrum Analysis with the Carbon Arc Cathode 
Layer (London: Adam Hilger, 1936). 
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glass specimens with a hardened steel 
point. The fragments were bonded to- 
gether in the cup of the negative elec- 
trode with cellulose acetate solution, 
which, when dry, protected the samples 
from contamination from dust and also 
tended to prevent them from being 
ejected from the cup as the arc was being 
struck. The arc was struck at 200 volts, 
a series resistance being used to limit the 
current to 3 amperes for the first 10 sec- 
onds of the burning period, after which 


TABLE 3 


Glass Fe Ca Ti Ni 
Macedon (light) 2° 7 6 6 
Macedon (dark) 6 6 8 8 
Darwin (dark)... .. 5 6 8 6 
Darwin (green) ie 5 5 8 5 
Artificial (sediment fused) 6 6 8 6 
Australite (core) a 5 10 9 5 
Australite (flange)... 5 10 9 * 
Meteor Crater 2 6 4 9 
Henbury. . 6 7 8 4 
Libya..... I 8 5 I 
Fulgurite (N.S.W.) 2 5 5 2 
Obsidian (N.Z.). . 5 7 6 3 
Pelée’s hair 7 fe) 9 7 
Tachylyte (Colac) 7 10 9 7 


the current was gradually increased to 
10 amperes. Under these conditions, a 
glass sample could be completely vola- 
tilized in about 1 minute. 

Line intensities were estimated on a 
1-10 scale, and, since the relation be- 
tween line intensity and quantity of ele- 
ment present is a logarithmic one, the 
higher numbers in the scale represent 
very much greater quantities of elements 
present in the glasses than do the lower 
numbers in the scale. The absolute 
amounts of the various minor elements 
present have not been calculated, since, 
for the purpose of comparisons between 
glasses, only relative amounts, referred 
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to a common scale, are necessary. The 
figures in Table 3 incorporate corrections 
which eliminate the factors of varying 
exposures and excitations. These correc- 
tions have been estimated by correlating 
the intensity of the silicon lines with the 
known relative silicon contents of the 
glasses. 


DISCUSSION 


The minor-element composition of a 
glass depends primarily on the composi- 


SPECTROGRAPHIC ANALYSES OF NATURAL GLASSES 





B Zr Na Mn V Co Pb 
7 4 3 6 i ¢1 8 
6 3 5 8 5 | 7 | 4 
6 3 4 6 4}; © i} Ss 
6 3 2 6 6 6 | 3 
7 4 6 7 5 7 5 
6 4 5 9 ; oO 7 3 
6 4 5 9 6 7 6 
6 3 2 3 7 I 3 
7 4 5 10 6 7 4 
7 4 3 3 6 I 3 
5 4 3 4 6 I 5 
5 3 8 10 5 5 5 
6 2 8 IO 7 8 3 
5 3 9 10 5 8 5 


* Figures represent line intensities from 1 (very faint) to 10 (very strong). 


tion of the source material and second- 
arily on the extent to which original 
trace elements have been removed, or 
added to, during the fusion process. 

Since none of the glasses examined 
shows any trace-element associations that 
are unusual compared with the trace- 
element associations commonly found in 
terrestrial rocks, there is no obvious rea- 
son to suppose that any of them are of 
extraterrestrial origin. 

In such examples as the Libyan, fulgu- 
rite, and Meteor Crater glasses, the high 
silica content makes it probable that 
they were derived from highly siliceous 
sedimentary material; but neither the 
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silica content nor the trace-element con- 
tent of the other glasses, set out in Table 
3, throws any light on the question of 
whether their source materials were of 
sedimentary or of igneous origin. 

In only one instance does the trace- 
element table show a peculiarity that can 
be correlated with a feature characteris- 
tic of the mode of origin of the glass. The 
high nickel content of Meteor Crater 
glass, considered in relation to the high 
silica of the material and its low content 
of other minor elements, suggests that 
the glass originated during meteoritic 
impact, the nickel having been intro- 
duced from a nickel-iron meteorite as it 
struck and fused relatively pure siliceous 
material. 

The amount of nickel recorded in the 
dark variety of Macedon glass is high 
enough to lend support to the suggestion 
that this material might come into the 
category of “‘impactites,” but there is 
little certainty in such a deduction, 
especially as the sample of Henbury 
glass used (known to have been produced 
during meteoritic impact) proved low in 
nickel. The fact that much less nickel 
was recorded in the lighter- than in the 
darker-colored variety of Macedon glass 
does not influence the question either 
way, since, as apparently with Henbury 
glass, much of the glass formed by fusion 
on meteoritic impact could have escaped 
enrichment in nickel. 


CONCLUSIONS 


Examination of the nature, mode of 
occurrence, and chemical composition of 
various types of natural glass has not led 
to any finality regarding the origin of the 
Macedon glass from Victoria and the 
Darwin glass from Tasmania. Neverthe- 
less, it has been shown that theories of 
origin suggested earlier are unlikely, 
whereas the discovery of soils and rock 
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fragments fused under special conditions 
indicates the possibility that natural 
glass can develop during bush fires. 

Macedon and Darwin glass are not 
glass meteorites (tektites) as australites, 
moldavites, bediasites, billitonites, etc., 
are believed to be. They do not show the 
form or surface features characteristic of 
the true tektites, many pieces having 
shapes like those resulting from the drip- 
ping, twisting, and drawing-out of solidi- 
fying glass. Moreover, they are far more 
vesicular and richer in silica than tektites, 
as well as showing other minor differ- 
ences. 

The glasses from Macedon and Dar- 
win differ from fulgurites sufficiently to 
show that it is unlikely that they re- 
sulted from the fusion of sands by light- 
ning. Whereas the glasses from Henbury, 
Wabar, and Meteor Crater show indis- 
putable evidence of being true “‘impact- 
tites,”’ there is little that is suggestive of 
Macedon and Darwin glass having been 
formed by the fusion of sedimentary ma- 
terial by meteoritic impact. 

There is nothing to indicate that Dar- 
win glass originated from the fusion of 
rocks or their disintegration products 
caught up in burning tree trunks, al- 
though from the chemical evidence there 
is a strong suggestion that this glass 
(and hence probably Macedon glass also) 
represents fused sedimentary material of 
terrestrial origin. 

The distribution of the Darwin glass 
in Tasmania might be readily explained 
by assuming that the pieces represent 
residues from silica-bearing plants burned 
during a bush fire. Such a mode of origin, 
however, is partially discounted by a 
comparison of the chemical compositions 
of Darwin glass and of glass from wood 
ash (see Table 2). The potash content of 
Darwin glass is much too low, compared 
with that of “‘straw silica glass”; but the 
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discrepancy is not nearly so great when 
compared with a slag produced from box- 
wood charcoal in the suction gas plant. 
In this comparison, however, it is seen 
that silica, alumina, and titania occur in 
greater quantities in the Darwin glass 
than in that from boxwood ash, while 
lime and magnesia are much lower. 

The fact that lechatelierite particles 
occur in the various types of artificial and 
natural glasses is no criterion for deter- 
mining the mode of origin of any par- 
ticular glass. They can be formed in a 
variety of ways. All that the lechatelierite 
particles indicate is that quartz was a 
constituent of the source materials, that 
fusion was rapid, that the heat was very 
intense, and that cooling was rapid. 

The evidence accrued therefore leads 
to the conclusion that each particular oc- 
currence of natural glass has to be con- 
sidered individually. The presence of 
lechatelierite particles, comparisons of 
chemical and spectrographic analyses or 
physical properties for each glass, are, 
taken alone, insufficient to establish a 
specific theory of origin. Mode of occur- 
rence and associated features have gone 
further toward establishing the mode of 
origin of certain of the glasses than any 
other type of evidence. This applies 
especially to Henbury, Wabar, and Mete- 
or Crater glasses, for which, from the 
very nature of their occurrence alone, the 
meteorite-splash theory of formation can 
scarcely be disputed, and it is definitely 
known that fulgurites are formed by the 
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fusion of sand by lightning. A definite 
mode of origin, however, cannot be con- 
clusively assigned to Libyan glass, Mace- 
don glass, or Darwin glass from either 
their manner of occurrence, their asso- 
ciated features, or their chemical compo- 
sition, whether ascertained chemically or 
spectrographically. All that can be said 
of Darwin glass and Macedon glass with 
any certainty is that they represent sedi- 
mentary material that has been rapidly 
fused at high temperatures lasting for 
relatively short periods and that cooling 
was rapid. The heating agency, however, 
cannot be specifically stated. The evi- 
dence is against heating in the way that 
tektites were heated and against heating 
by electrical discharge, while there is 
little, if anything, to support the idea of 
heating by meteoritic impact. Some of 
the evidence points to the possibility of 
the heat of bush fires being sufficient, 
under set conditions, to form natural 
glass, not so much, perhaps, by the fusion 
and collection of the silica contained in 
silica-bearing plants as, more probably 
(as the chemical composition indicates), 
by the melting of silica-rich material 
caught up under special circumstances in 
burning tree trunks. 
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POSTANORTHOSITE GABBRO NEAR AVALANCHE LAKE 
IN ESSEX COUNTY, NEW YORK 


HOWARD W. JAFFE 
Washington, D.C. 


ABSTRACT 


Postanorthosite gabbro dikes have more than local significance in the eastern Adirondacks. Three such 
dikes, two of which are discordant, cut the Marcy anorthosite 40 miles southwest of those described by Bud- 
dington and more recently by Balk. Avalanche dike, the largest of the three, is described in detail. This dike 
displays a sinuous textural pattern that is ascribed to turbulent magmatic flow. Garnet is abundant and may 
comprise as much as 16 per cent of certain portions of the dike. This mineral appears to have developed as a 
consequence of the instability of hypersthene and magnetite in contact with anorthite. Field and laboratory 
evidence suggest that this reaction took place under conditions of thermal metamorphism. Objections to 


other modes of origin are stated. 


INTRODUCTION 


In the west-central part of the Mount 
Marcy quadrangle, Essex County, New 
York, a large gabbroic dike (Avalanche 
dike) clearly cuts the Marcy anorthosite. 
Studies made in recent years in other 
Adirondack localities indicate the ex- 
istence of two gabbroic magmas, similar 
in mineralogy but differing in genetic re- 
lationships. R. Balk has shown that cer- 
tain of the Adirondack gabbros are of ap- 
proximately the same age as the anortho- 
site and have evolved from gabbroic 
anorthosite, ‘‘in statu nascendi.’” A. F. 
Buddington? has described gabbro dikes 
in the Plattsburg-Willsboro quadrangles 
which unquestionably have intruded 
solidified anorthosite. A recent paper by 
Balk provides a stimulating discussion 
of the problem of gabbro-anorthosite age 
relations in the eastern Adirondacks. In 
reference to certain of the Plattsburg- 
Willsboro dikes he writes: 


The significance of these dikes is obvious. In 
at least one section of the anorthosite massif, 


t “Structural Geology of the Adirondack Anor- 
thosite,” Min. u. petrog. Mitt., Vol. XLI (1931), pp. 
308-434. 

2“‘Geology of the Willsboro Quadrangle, New 
York,” N.Y. State Mus. Bull. 325 (1941), pp- 49, 5°, 
53, 59-63. 


truly gabbroic magma has been intruded into 
solidified anorthosite. The writer’s conception 
that a series of evolutionary stages leads from 
gabbro “in statu nascendi” to large spherical 
gabbros cannot be generalized for the eastern 
Adirondacks. Even if there have been large gab- 
broic masses segregating and settling out from 
a soft crystal mush, not yet crystallized through- 
out, there has been intrusion by a seemingly 
identical magma. 


Inasmuch as Avalanche dike lies ap- 
proximately 40 miles to the southwest 
of the intrusive gabbros of Trembleau 
Mountain, in the Plattsburg-Willsboro 
quadrangles (Fig. 1), postanorthosite 
gabbros apparently have more than local 
significance in the eastern Adirondacks. 

Lying in the heart of the Adirondack 
wilderness, Avalanche dike can be 
reached only by a 5-mile walk along a 
trail leading from the Adirondack Loj, 
which is 9 miles by road from Lake 
Placid. As a result, references to the dike 
in the literature are somewhat sketchy 
and confusing. The various interpreta- 
tions of the same dike are as follows: 
W. C. Redfield, in 1837, refers to “the 
great dyke of sienitic trap in Mt. Mc- 


3“Comments on Some Eastern Adirondack 
Problems,” Jour. Geol., Vol. LII, No. 5 (1944), p- 
290. 
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Martin.’’4 E. Emmons writes: ‘‘ The dyke 
consists of the rock denominated syenite 
or hornblende and granular feldspar.’’s 
J. F. Kemp, after a rather detailed study 
of the area, reached the following con- 
clusion: 


Although when viewed from a distance this 
rock mass appeared as an undoubted dike, yet 
as soon as it was examined in a hand specimen 
on the spot, it was pronounced at once to be no 
true intrusion, but to constitute a shear zone, or 
zone of wall rock dynamically metamorphosed 
along a fault. Subsequent microscopic evidence 
has corroborated this view.® 
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Fic. 1.—Guide map of Essex County, New York. 
Scaie: 1 inch = 13 miles. 


Kemp, who later described the geology 
of the Mount Marcy quadrangle, 
changed his original interpretation, writ- 
ing: “‘ Undoubtedly it entered as a large 
basic dike.”’ Recent field examination 
and petrologic studies indicate that the 
rock mass is a true discordant dike hav- 

4 “Some Account of Two Visits to the Mountains 


of Essex County, N.Y.,”’ Amer. Jour. Sci., 1st ser., 
Vol. XXIIT (1837), p. 301. 

5 “Geology of N.Y. Part IT. Survey of the Second 
Geological District,’ V.Y. State Surv., 1842, p. 215. 

6“*The Great Shear-Zone near Avalanche Lake 
in the Adirondacks,” Amer. Jour. Sci., 3d ser., Vol. 
XIV (1892), p. 109. 

7 “Geology of the Mount Marcy Quadrangle, Es- 
sex County, New York, ’’N.Y. State Mus. Bull. 229- 
30 (1921), p. 51. 
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ing strong mineralogical affinities with 
certain of the Plattsburg-Willsboro gab- 
bro dikes. 


GEOLOGY 


Avalanche Lake lies in a narrow fault 
valley that strikes northeast-southwest, 
conforming with the major structural 
lines of the eastern Adirondacks. The 
lake is approximately 3 mile long and 
drains to the southwest. It is one of the 
sources of the Hudson River. Avalanche 
Mountain to the northwest and Mount 
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Fic. 2.—Outline map of the Avalanche Lake 
area. Scale: 1 inch = 1,320 feet. Broken lines are 
contour lines adapted from the U.S. Geological Sur- 
vey topographic quadrangle map. The figures 70’, 
r5’, and 7’ indicate the thickness of each gabbro 


dike. 


Colden (Mount McMartin) to the south- 
east are fronted by sheer fault-line es- 
carpments which rise abruptly from the 
lake level. A prominent gorge cutting the 
Mount Colden escarpment has _ been 
formed by the partial erosion of the gab- 
bro dike (Fig. 2). 

The dike, which forms a wedge into 
Mount Colden, strikes N. 45°-55° W. and 
has a vertical dip. Along the contacts the 
foliation of the anorthosite ranges be- 
tween N. 18° E. and N. 57° E. As such, 
the relations of gabbro to anorthosite are 
clearly discordant. The foliation of the 
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anorthosite is enhanced by large oriented 
phenocrysts of plagioclase in a fine proto- 
clastic groundmass. In the dike twe sets 
of cross-joints strike respectively N. 10°— 
34° W. and N. 58°-82° E. Slickensides 
with a thin mineral veneer frequently 
characterize the northwest-southeast 


joint faces. The striae on these pitch 32° 


Fic. 3.—Avalanche dike, viewed from across 
Avalanche Lake. The steep-walled gorge was pro- 
duced by differential erosion of gabbro. 

NW. Joint sets in the anorthosite strike 
respectively N. 23° W. and N. 70° E. 

Contacts of the dike with the walls of 
anorthosite are sharply defined, a feature 
accentuated by differential erosion (Figs. 
3 and 4). Along its contacts the dike ex- 
hibits strongly foliated amphibolitic 
zones 1~2 feet wide. In places a narrow 
mylonitic zone appears between the 
amphibolitic rock and the anorthosite. 
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The mylonitic zone is composed of 
crushed anorthosite containing streaks 
of the amphibolite. This foliation always 
parallels the contacts and is regarded as 
a secondary structure produced by move- 
ment along the contacts of the already 
consolidated dike. Further evidence for 
such movement is represented by occa- 
sional slickensides, coating the walls of 


Fic. 4.—Differential erosion of gabbro. A small 
stream may be observed flowing in the contact zone. 
Approximately 100 feet above lake level, looking 
southeast. 


the anorthosite. The striae on these 
slickensides pitch 33° NW. 

Emmons states that the dike can be 
traced up Avalanche Mountain. He 
writes: 

After going up three or four hundred feet of 
this latter mountain [Mount Colden], the dike 
can be traced up by eye to near the summit of 
Mt. McIntyre [correctly Avalanche Mountain] 
by two parallel cracks or fissures, which appear 
from this distance about two feet wide.’ 


8P. 215 of ftn. 5. 
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Kemp,’ using this description, extended 
the dike across the lake on his geologic 
map of the Mount Marcy quadrangle. 
The present writer, after examining the 
rock on the opposite side of the lake, 
found only anorthosite. If the dike ac- 
tually does extend into Avalanche Moun- 
tain, it would seem to have been offset 
since it was formed. The width of the 
dike at lake-level (70 feet) and its ab- 
sence across the lake (a distance of ap- 
proximately 80 yards) are perhaps in- 
dicative of lateral movement in a north- 
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tion of this dike was not accurately plot- 
ted, and this seems to be the case. 

Two additional gabbro bodies hither- 
to not mentioned in the literature were 
found cutting the anorthosite on Mount 
Colden. One of these is exposed approxi- 
mately } mile southwest of Avalanche 
dike. This dike also exhibits discordant 
relationships with the anorthosite. Sev- 
eral Brunton readings taken here show 
that the anorthosite foliation strikes N. 
3°-12° W. The dike strikes N. 72° W. and 
has vertical dip. A prominent set of joints 


Fic. 5.—Concordant gabbro dike showing sharp contacts with anorthosite 


east-southwest direction. If the faulting 
that produced Avaianche Pass is correct- 
ly interpreted by Kemp as pre-Cam- 
brian, the dike musi be regarded as a 
postanorthosite gabbro of pre-Cambrian 
age. Kemp refers to “another dike of this 
same character nearly 3 miles to the 
northwest of Avalanche dike and with a 
parallel strike and dip Apparently 
two intrusive masses entered the anor- 
thosite along similar lines of weakness.’’?° 
The writer has not been able to locate 
this dike, despite three separate trips to 
the area. Kemp” intimates that the posi- 

9 For geologic map of the Mount Marcy quad- 
rangle, see ftn. 7. 


10P. 51 of ftn. 7. ™ P, 51 of ftn. 7. 


in the gabbro strikes N. 63° E., anda sub- 
ordinate set strikes N. 8° W. This dike is 
15 feet wide and of indeterminable 
length. Its northwesterly extent is hidden 
by vegetation, and its southeasterly ex- 
tension is covered by debris from an 
avalanche that occurred in September, 
1942. Amphibolitic and mylonitic border 
phases are again in evidence, and this 
dike is regarded as being of the same age 
as its larger neighbor to the northeast. 
On one of the bare-rock exposures 
about } mile below the summit of Mount 
Colden a third gabbro dike is exposed. 
This body, unlike the others, is parallel 
to the foliation of the anorthosite, which 
strikes N. 57° E. The contacts are ex- 
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ceedingly sharp, but there has been no 
differential erosion (Fig. 5). This dike is 
7 feet wide, its continuation again being 
hidden by vegetation. A crude foliation 
in the gabbro strikes N. 12° E. The am- 
phibolitic and mylonitic border phases 
are not represented, nor is there any evi- 
dence of movement along the contacts. 
Despite the concordant relations, this 
gabbro body is so similar in mineralogy 
and texture to Avalanche dike and ex- 
hibits such sharp contacts with the anor- 
thosite that it is regarded as another 
postanorthosite gabbro. 


MINERALOGY 


Avalanche dike is composed of plagio- 
clase, augite, hypersthene, garnet, horn- 
blende, serpentine, titaniferous magne- 
tite, orthoclase, biotite, and scapolite. 

The plagioclase has a maximum re- 
fractive index of 1.552 and a maximum 
extinction angle of 22°, measured on al- 
bite twins. The axial angle is large, and 
the mineral is positive. This would place 
it in the andesine range or slightly on the 
sodic side of this plagioclase. 

Although most of the andesine is 
strained, considerable variation may be 
noted even in adjoining grains. Some are 
twinned and unstrained; some show bent 
lamellae and cross-twinning; while others 
are untwinned and exhibit a marked un- 
dulant extinction. 

A considerable amount of the plagio- 
clase is antiperthitic, containing small 
quantities of scattered orthoclase. For 
the most part, these blebs of potash feld- 
spar are unoriented with respect to the 
plagioclase twinning. Kemp states: 


The dike is peculiar in the amount of ortho- 
clase which it contains. There is enough to make 
one hesitate whether to class it with the basic 
syenites or the basic gabbros.... . No statistical 
measurements have been made but the rock is 
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obviously much like the gabbros rich in ortho- 
CNBC. ss 5 us 


Actually, the orthoclase content is not 
very high. Spectrographic analysis indi- 
cates that the K,O content is between 
0.5 and 1.0 per cent. 

Clinopyroxene is usually next in abun- 
dance. It has the optical properties of 
augite, with 

Ny = 1.720, 
ZAc= 44, 
2V = 50°-6o°. 


In thin section the mineral is pale green 
and nonpleochroic. It occurs in subhedral 
grains, the borders of which are usually 
corroded. 

Hypersthene is also abundant and dis- 
plays a marked pleochroism from pink to 
green. This mineral has 

Ny = 1,739, 
ZC, 
2V = approximately 45°. 


Its refractive indices indicate 25 per cent 
FeO or 40 per cent FeO-SiO,."3 As with 
the augite, discrete grains are mostly sub- 
hedral, with the edges modified by corro- 
sion. 

Garnet is an important component 
and may comprise as much as 16 per cent 
of a particular sample. The composition 
of this mineral was roughly determined 
by spectrographic analysis on grains care- 
fully selected from the crushed material. 
Because of the fineness of grain size it 
was difficult to select many clean grains; 
and the analysis indicates, by the pres- 
ence of a small amount of Na,O, that a 
trace of feldspar may have been present. 
The percentages are as follows: 


13 P. sz of ftn. 7. 


13E. S. Larsen and H. Berman, “The Micro- 
scopic Determination of the Nonopaque Minerals, 
“U.S. Geol. Surv. Bull. 848 (2d ed., 1934), p. 193. 
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MgO > 10 

Al.O; > 10 

SiO, > 10 

FeO + Fe.,0; > 10 
CaO 1.-5.0 


MnO o.5-1.0 
Na,0 0.1-0.5 
TiO, 0.03-0.08 
V.0; 0.01-0.05 
CuO < o.o1 


Apparently the garnet is low in the 
grossularite and andradite molecules. In 
the hand specimen, this mineral has a 
light-red color. In thin section and in 
fragment, it has a pale pinkish cast and 
a refractive index of 1.780. Occasional 
birefringent spots are due to included 
material rather than to strain. Discrete 
grains tend to be subhedral and are cor- 
roded like the pyroxenes. Apparently the 
garnet of this dike, as in many occur- 
rences in gabbroic rocks, belongs to the 
almandite clan. 

Of particular interest is a fibrous to 
lamellar green mineral which is quite 
abundant in the border phases of the 
dike. It has affinities with both serpen- 
tine and chlorite, but its appearance in 
thin section is more suggestive of the 
former. The mineral is slightly pleochroic 
from light-pink to green, is optically neg- 
ative, and has 

Ny = 1.597, 
Z=c,orZ = nearc, 
2V = variable (usually near 40°). 


The relatively high refractive index and 
the pleochroism may be due to a higher 
iron content than is normal for serpen- 
tine. Its appearance in thin section is 
suggestive of the bastite variety of ser- 
pentine so often found replacing enstatite 
and hypersthene. 


Hornblende is present in widely vary- 
ing amounts and is pleochroic from yel- 
low-brown to dark greenish brown. Op- 
tically, it has 


Ne = 1.682, 
ng = 1.699, 
Ny = 1.702, 
= 9, 
2V = 40°-50°, (—),r<v. 


Titaniferous magnetite is always pres. 
ent in small amounts associated with the 
other mafic minerals. 

Biotite is relatively scarce and is al- 
most always associated with magnetite. 
It is strongly pleochroic from light to 
dark red-brown. 

Scapolite, approaching Maso-Me;o, oc- 
curs only in the contact zone. This min- 
eral is uniaxial negative, with m, = 1.544 
and n, = 1.568. 

Quartz, calcite, a small amount of pyr- 
rhotite, and a confused mass of fibrous 
green material (serpentine?) are very 
late products, coating the slickensided 
joint planes. 


PETROGRAPHY AND PETROLOGY 


Undoubtedly, much of the confusion 
arising from previous descriptions of 
Avalanche dike is due to a lack of ade- 
quate sampling and statistical measure- 
ments. Kemp, who sampled only along 
the base of the dike, reports “slight varia- 
tions in mineral composition” and goes 
on to state, ‘‘in aggregate, the dark sili- 
cates far surpass the feldspar.’’*4 Actual- 
ly, the dike is not a particularly homo- 
geneous mass, noi are the mafic minerals 
more abundant than the feldspars. This 
is well illustrated in Table 1, which gives 
the results of quantitative petrographic 
analyses of samples taken from various 
parts of the dike. Two methods of anal- 
ysis were used on each sample in order to 
obtain a check on the results. Table 1, A, 
contains petrographic analyses made by 
the fragment- or grain-counting method. 
The specific counting techniques em- 
ployed by the writer are those described 
in detail in a recent paper by F. Chayes. 
He summarizes the general procedure as 
foliows: 

(a) Collection of the original bulk sample, to- 
gether with grinding and preliminary size reduc- 
tion. 


™4 Pp. 111-12 of ftn. 6. 
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(b) Final or micro-sampling, by which a few 
grains or a few hundred grains are reduced to a 
few milligrams, mounted and prepared for the 
count. 

(c) Determination of the composition of the 
micro-sample.'s 


Table 1, B, contains petrographic thin- 
section analyses obtained by means of 
the Rosiwal method. By using two such 
widely different methods of analysis, the 
possibilities of error are greatly reduced. 

Inasmuch as the dike rock has affin- 
ities with both the gabbro and the diorite 
groups, its classification presents a prob- 
lem. An added difficulty is the disagree- 
ment among petrographic classifications 
concerning the division of the two 
groups. The classifications of both A. 
Johannsen™ and F. F. Grout*’ require 
that the dominant plagioclase of a gab- 
bro be more calcic than andesine. Grout 
notes, however, that approximately half 
the average gabbro is composed of mafic 
minerals, whereas the average diorites 
contain but 35 per cent of mafic miuerals. 
In the case of Avalanche dike, the per- 
centage of mafic minerals is always close 
to 50. According to S. J. Shand’s classi- 
fication,’® the rock is a soda-gabbro. He 
uses the name “gabbro”’ for “the group 
of plagioclase-bearing rocks of mesotype 
to melanocratic character. It is divided, 
by the Ab: An ratio, into ‘soda-gabbro’ 
and ‘lime-gabbro.’ The name ‘soda- 
gabbro’ covers a group of rocks about 
which there has been little agreement in 
the past, some writers putting them in 
diorite, some in gabbro, and some mak- 
ing use of the noncommittal name ‘gab- 

's“Petrographic Analysis , Fragment Count- 
ing,” Econ. Geol., Vol. XX XIX, No. 7 (1944), pp. 
489-504. 

6 4 Descriptive Petrography of the Igneous Rocks, 
Vol. III (Chicago: University of Chicago Press, 
1037), p. 205. 

7 Petrography and Petrology (New York: Mc- 
Graw-Hill Book Co., Inc., 1932), pp. 90-98. 

18 Eruptive Rocks (2d ed., London: Murby & Co., 
1943), PP- 299-303. 
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brodiorite.’”” Johannsen also condemns 
the use of the name “ gabbrodiorite.’’ The 
present writer regards the association 
and the abundance of orthopyroxene and 
clinopyroxene in the dike as being of 
greater importance than the relatively 
low anorthite content of the plagioclase 
Of thirty-three modes of diorites, mela- 
diorites, and melanocratic dioritic dike- 
rocks listed by Johannsen,’® only 9 per 


TABLE 1* 





Se q | | 
— And.t| Aug.| Hyp.| Gar.| Hb. | Serp.|Mag./ Bio. 
i se 
A. Petrographic Analysis by 
Fragment-counting 
M.C. 1 5 20 | 12 15 2 
M.C. 2..| 52 | 18 | 1c | 12 | 6] 2 
MC. 3..| syizt2} 31 2° siszi] gi 
M.C. 4 52 | 11 2 | 11} 14] 8]| 2 
M.C. 5 52 | 14 | 20 | “@ Soe "oe 6} 3 
B. Petrographic Analysis by 
| the Rosiwal Method 
M.C. 1 | 51} 19] 9 | 16 4 I 
M.C.3..| 52] 19 | 12 | 13 4 I 
M.C. 3..| 60] 12! 4 s | as $i 2 
M.C. 4 54 9 2 2] £2} 3 Si 2 
M.C. 5 -| St | 13 | 23 6 7 | 


| 
| 


* M.C. 1, 2, and 5 are samples taken at various intervals (ap- 
proximately 200-foot levels) near the center of the dike. M.C. 3 
and 4 were sampled from the contact zone. 


t Andesine containing orthoclase. 


cent contain this mineral association. Of 
sixty-seven modes of gabbros, norites, 
hyperites, melagabbros, and melanorites 
listed by the same author,”® 25 per cent 
contain both pyroxenes. Grout also notes 
that augite diorites are less common than 
hornblende diorites and suggest a grada- 
tion toward gabbro. Balk, W. J. Miller, 
and other Adirondack geologists have in- 
cluded in the gabbro group rocks con- 
taining plagioclase nearer to An;. than 


19 Pp. 154, 158, and 193 of ftn. 16. 


20 Pp. 217-19 and 241-43 of ftn. 16. 
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Ang. Buddington has classified many 
rocks of similar mineralogical composi- 
tion as ‘“‘metagabbro.”’ Inasmuch as the 
rock of Avalanche dike is so similar in 
mineralogy to the Adirondack gabbros of 
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fine- to medium-textured rock through- 
out, with an average grain size of 0.3- 
o.5 mm. The texture is unusual and one 
of the most interesting features observed 
in favorable thin sections. The feldspars, 


ae 


Fic. 7.—Imperfectly developed reaction rim. The core is magnetite and is succeeded by shells of bio 
tite, hypersthene, andesine, and garnet. Quartz does not occur in these rims. X 25, plane-polarized light. 


other writers and since some of the anor- 
thite of the original plagioclase may have 
gone into the formation of garnet, the 
present writer prefers to accept Shand’s 
classification and assign this rock to the 
gabbro group. 

Thin-section studies show no evidence 
of chilled border phases. The dike is a 


which comprise slightly more than half 
of the rock, exhibit a granitoid texture 
with occasional elongated grains. In this 
mosaic of feldspar are masses, or “‘is- 
lands,”’ of mafic minerals which are usual- 
ly characterized by curved outlines (Fig. 
6). Many of these take the form of lenses 
and reaction rims (Fig. 7). Microfoliation 
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cannot be detected, nor can these mafic 
“islands” be resolved into the lenses 
which characterize mortar or augen 
gneisses. Examination under a low-power 
objective reveals a peculiar swirling ef- 
fect, with the mafic masses often forming 
a crude concentric or sinuous pattern 
(Fig. 8). This textural feature is thought 
to be of primary origin. Apparently, vari- 
ations in the viscosity and velocity of the 
magma, combined with flowage in a 
rough channel, gave rise to turbulent 
magmatic flow. Assuming that the flow 
of the magma continued until a late stage 
of crystallization, variations in the fric- 
tional resistance to flow in adjoining lay- 
ers could have produced eddying and the 
resultant sinuous textural pattern pe- 
culiar to the dike. When the thin section 
is held up to a lamp, this textural feature 
becomes more apparent, since a greater 
area is observed at one time. Such a 
textural pattern does not appear to be 
compatible with dynamic metamor- 
phism. It ismoreexpectable that dynamic 
metamorphism would have induced some 
degree of granulation and recrystalliza- 
tion. This is well illustrated along the 
contacts of the dike, where deformation 
has produced narrow zones of strongly 
foliated amphibolite or mylonite. 

Of particular interest are the hyper- 
sthene-augite relations. In thin section, 
grains with the same cleavage cracks 
may show the extinction positions of 
both pyroxenes, producing a peculiar 
mottled effect. In plane-polarized light 
the pleochroism of grains of this charac- 
ter at first suggests that they are com- 
posed entirely of hypersthene. The inter- 
growth is best observed on powdered ma- 
terial immersed in an index liquid and ex- 
amined under high power. Here ccrtain 
grains show strong evidence for the re- 
placement of one pyroxene by the other. 
The clino-pyroxene forms embayments 
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into the orthopyroxene and contains iso- 
lated remnants of the latter. These rela- 
tions are illustrated in Figure 1o. 
Garnet, the other principal member of 
the mafic assemblages, often contains 
small inclusions of magnetite and hyper- 
sthene, an indication that these latter 
minerals contributed at least part of the 
FeO and MgO necessary for the forma- 


Ban 


Fic. 8.—The sinuous textural pattern peculiar to 
Avalanche dike. The over-all swirling or eddying 
effect is an expression of turbulent flow. < 4.8, white 
light. The thin-section image was projected through 
an enlarger onto a negative. 


tion of the garnet. The CaO and AI,O, 
components could have been supplied by 
the anorthite of the plagioclase and pos- 
sibly by augite. There is no necessity for 
the addition of silica, often implied or 
suggested by advocates of a late-mag- 
matic origin of garnet in Adirondack gab- 
bros. It is interesting to note that the 
garnet of Avalanche dike is an almandite, 
low in lime, perhaps an indication that 
most of the lime has gone into the forma- 
tion of augite. Inasmuch as no intro- 
duction of material is required for the 
formation of the garnet, perhaps there is 
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a simpler explanation. Shand in a recent 
paper on coronas and coronites con- 


cludes: 

The formation of coronas is a consequence of 
the instability of olivine (perhaps especially of 
iron-rich olivine) under the conditions of ther- 
mal metamorphism. The iron and magnesium 
ions discharged from the olivine attacked the 
anorthite of the plagioclase, generating either 
garnet or amphibole and spinel. The albite of 
the plagioclase, it is conceived, redistributed it- 
self through the feldspar framework so as to 
keep the structure homogeneous.”# 
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known to occur in the eastern Adiron- 
dacks. M. H. Krieger, in describing the 
dikes of the Thirteenth Lake quadrangle, 
notes that ‘“‘some of the smaller, finer 
grained dikes are composed almost whol- 
ly of plagioclase and hypersthene.”?? The 
occurrence of garnetiferous gabbro dikes, 
similar in mineralogy to Avalanche dike, 
is reported from the same quadrangle. 
Garnet reaction rims also occur sporadi- 
cally in the anorthosite of Mount Colden. 


Fic. 9.—The Marcy anorthosite, showing the characteristic protoclastic structure. X25, crossed Nicols 


In the case of Avalanche dike, the un- 
stable minerals were hypersthene and 
magnetite, rather than olivine. It is also 
noteworthy that the hypersthene is iron- 
rich. The refractive indices of this min- 
eral indicate ‘“‘25 per cent FeO = 40 per 
cent FeO-SiO,.’ The residual plagio- 
clase is close to An,;, rather sodic for the 
plagioclase of an average gabbro, and in- 
dicative of a loss in the anorthite through 
reaction with hypersthene and magne- 
tite. This would indicate that the un- 
metamorphosed dike was of noritic com- 
position. Dikes of this character are 


21“Coronas and Coronites,” Bull. Geol. Soc. 
Amer., Vol. LVI (1945), pp. 247-66. 


2 Ftn. 13. 


This rock is composed of more than go 
per cent of feldspar (calcic andesine and 
a little orthoclase). The remainder of the 
rock is represented by titaniferous mag- 
netite, hypersthene, hornblende, augite, 
apatite, quartz, garnet, and scapolite. 
Where garnet occurs, it usually forms re- 
action rims around hypersthene or mag- 
netite. The abundance of garnet in the 
dike (originally a norite) and the sporadic 
occurrence of this mineral in the compar- 
atively monomineralic country rock are 
regarded by the writer as indications of 
the relative susceptibility of these rocks 
to thermal metamorphism. The source of 


23 “Geology of the Thirteenth Lake Quadrangle, 
New York,” N.Y. State Mus. Bull. 308 (1937), p. 66. 
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the heat is not manifested by the pres- 
ence of any postgabbro intrusives in the 
immediate vicinity. 

Buddington, Kemp, M. Roessler, and 
others favor a dynamic or dynamo- 
thermal metamorphic origin of the garnet 
and the coronas. In the case of Avalanche 
dike, the evidence is decidedly opposed 
to a dynamic origin of this mineral. 

With the exception of the narrow con- 
tact zones of amphibolitic and mylonitic 
rock, there is little or no evidence of 
granulation or any other expression of 
deformation in the dike. As previously 
stated, it would appear that dynamic 
metamorphism would not have produced 
the sinuous textural pattern characteris- 
tic of the gabbro. An examination of the 
narrow contact zones, where there has 
been movement and granulation, shows 
a preponderance of hornblende, serpen- 
tine, and scapolite. Garnet occurs very 
rarely in this zone, and the sinuous tex- 
ture is replaced by a prominently schist- 
ose or mylonitic texture. Hornblende re- 
places augite; serpentine replaces hyper- 
sthene; and some of the plagioclase is re- 
placed by scapolite. Similarly, the con- 
cordant gabbro dike near the summit of 
Mount Colden (Figs. 2 and 5), although 
devoid of marginal zones of amphibolite 
and mylonite, contains an abundance of 
garnet. Further evidence opposed to a 
dynamic or ‘“‘regional dynamothermal”’ 
metamorphism lies in the well-developed 
primary foliation of the anorthosite. As 
has been shown, there is a marked diver- 

gence between the strike of the anor- 
thosite foliation and any of the structures 
in the dike. If the stresses of any later pe- 
riod of deformation were such as to super- 
pose a secondary foliation on the primary 
structure, the evidence is wanting. 

To a “‘late-magmatic” or deuteric ori- 
gin of the garnet and the reaction rims 
as postulated by J. L. Gillson, W. H. Cal- 
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ahan and W. B. Millar, H. L. Alling,R. C. 
Stephenson, and others, the author of- 
fers objections similar to those raised by 
Shand.*4 Late-magmatic reactions pro- 
duce enrichment with silica and the alka- 
lies and often produce myrmekite and 
micropegmatite. Evidence of these phe- 
nomena is lacking. Admittedly, the feld- 
spar of Avalanche dike is antiperthitic 
and might represent an introduction of 
orthoclase into plagioclase. A simpler ex- 


hy 
ath 


Fic. 10.—Augite developing at the expense of 
hypersthene. The dark areas represent hypersthene 
at extinction; the clear areas, augite. The sketches 
were made of fragments immersed in an index 
liquid. 






planation, however, would appear to be 
unmixing, with orthoclase separating 
from solid solution in plagioclase. 

In summary, the author wishes to em- 
phasize that the conclusions reached in 
this paper apply only to the Avalanche 
Lake area and are not necessarily of re- 
gional import. A survey of the literature 
indicates that there has been too much 
generalization in the interpretation of 
eastern Adirondack geology. Inasmuch 
as the Adirondacks cover several hun- 
dred square miles, the extrapolation of 
local observations and interpretations is 
often unwarranted. The prime need is for 


24P. 262 of ftn. 21. 
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more detailed field measurements and 
more representative sampling of out- 
crops. We find in the literature that ‘“‘at 
least four-fifths of the igneous rocks of 
the Adirondacks have been deformed 
and more or less recrystallized and have 
flowed in the solid state.”> Is there con- 
vincing evidence of this for so large an 
area? 


HOWARD W. JAFFE 
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2s A. F. Buddington, ‘‘Adirondack Igneous Rocks 
and Their Metamorphism,” Geol. Soc. Amer. Mem. 7 
(1939), p. 252. 
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SAND FULGURITES WITH ENCLOSED LECHATELIERITE 
FROM RIVERSIDE COUNTY, CALIFORNIA 


AUSTIN F. ROGERS 
Stanford University 


ABSTRACT 


Sand fulgurites from the vicinity of Indio, Riverside County, California, produced by the incomplete 
fusion of sand derived from granodiorite, contain fragments of lechatelierite formed by the more or less com- 
plete melting of some of the quartz grains. Some cristobalite is also present. The biotite grains have been 
completely fused to a dark-brown glass: the feldspars were, for the most part, melted to form a pale, almost 


colorless, glass. 
INTRODUCTION 


Among inanimate natural-history ob- 
jects, few are more striking than fulgur- 
ites (L. fulgur, “lightning”’), the curious 
glassy tubes formed by the fusion of sand 
by lightning. The term “fulgurite”’ has 
been extended to cover superficial coat- 
ings of glass produced from consolidated 
rock by the same agency, these being 
designated “rock fulgurites,”’ to dis- 
tinguish them from the more usual “‘sand 
fulgurites.”” A good general account of 
fulgurites with an extended bibliography 
will be found in the excellent paper of W. 
Fischer.* 

In this country, sand fulgurites have 
been described from Massachusetts by E. 
Hitchcock,? from North Carolina by A. 
R. Leeds’ and by J. J. Petty,‘ from South 
Carolina by Merrill’ and Petty,* from 
Florida by J. S. Diller,’ and G. P. Mer- 


 “Blitzréhren aus den miocinen Glassanden von 
Guteborn bei Ruhland, Ober Lausitz,” Neues Jahrb. 


f. Min., Geol. u. Pal., Beil. Bd. Vol. LVI, A (1928), 


pp. 92-98. 

2“Fuylgurites or Lightning Tubes,” Amer. Jour. 
Sci., 2d ser., Vol. XX XI (1861), p. 302. 

3“On a Fulgurite,” Proc. Acad. Nat. Sci. Phila., 
1874, P. 145. 


4“The Origin and Occurrence of Fulgurites in 
the Atlantic Coastal Plain,” Amer. Jour. Sci., 5th 
ser., Vol. XXXI (1936), pp. 188-201. 


s“Fulgurite from Mount Thielson, Oregon,” 
Amer. Jour. Sci., 34 ser., Vol. XXVIII (1884), 


Ppp. 252-53. 
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rill,® from Illinois by Merrill,® from Maine 
by W. S. Bayley,’ from Wiscunsin by 
W. D. Shipton,’ from New Jersey by W. 
L. Barrows’ and by W. M. Myers and 
A. B. Peck,’® and from Michigan by A. F. 
Rogers.” 


MEGASCOPIC DESCRIPTION 


For the fulgurites described in this pa- 
per I am indebted to Mr. W. Scott Lewis, 
mineral collector and dealer of Holly- 
wood, California. They were obtained 
from a prospector, who would not di- 
vulge the exact locality but stated that 
they were fzom the region around Indio 
in Riverside County. 

The specimens are more or less hollow, 


6 “On Fulgurites,” Proc. U.S. Nat. Mus., Vol. TX 
(1886), pp. 83-91. 


7“A Fulgurite from Waterville, Maine,” Amer. 
Jour. Sci., 3d ser., Vol. XLIII (1892), pp. 327- 
28. 


8“A Note on Fulgurites from Sparta, Wiscon- 
sin,” Proc. Iuwa Acad. Sci., Vol. XXIII (1916), p. 
I4I. 

9“A Fulgurite from the Raritan Sands of New 
Jersey, with an Historical Sketch and Bibliography 
of Fulgurites in General,” School of Mines [Colum- 
bia] Quarterly, Vol. XXXI (1909-10), pp. 294-319. 

10 “A Fulgurite from South Amboy, New Jer- 
sey,” Amer. Min., Vol. X (1925), pp. 152-55. 


11 “A Review of the Amorphous Minerals,” Jour. 


Geol., Vol. XXV (1917), p. 526. 
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somewhat branching, irregular, cylindri- 
cal objects of medium-gray color, varying 
in length from 6 cm. to a maximum of 
about 30 cm. and in diameter from 3 cm. 
to about 2 cm. Figure 1 is a photograph 
of a typical specimen; the cross sections 
are circular or nearly so, as shown in Fig- 
ure 2. They have a superficial resem- 
blance to the roots of certain plants. On 
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quartz, orthoclase, microcline, plagio- 
clase, biotite, magnetite, a little zircon, 
and rock fragments (a grained igneous 
rock). The sand, which shows little sign 
of any sorting, was apparently derived 
from a granodiorite or similar rock. 

I was familiar with sand fulgurites, 
produced from quartzose sand, which 
consist largely of lechatelierite’ or silica 


Fic. 1.—Sand fulgurite from the region around Indio, Riverside County, California. Natural size 


the exterior, colorless and white to dark- 
brown sand grains are visible. A broken 
surface shows sand grains imbedded in a 
gray vitreous glass, and more or less 
spherical cavities lined with a lustrous 
glass. A rough determination of the spe- 
cific gravity of an inch-size piece of ful- 
gurite gave 2.01, which is obviously low 
because of cavities. 

The sand grains are angular to sub- 
angular, with a size variation ranging 
from 15 microns (4) up to about 75 u, but 
are mostly between 30 and 50 uw. Among 
the identified minerals of the sand are 


glass. On noting the relatively large 
amount of ferromagnesian minerals (bio- 
tite) I concluded that there would not be 
any lechatelierite in thin sections of the 
Riverside County fulgurites, but I was 
agreeably surprised to discover that 
many quartz grains had been wholly or 
in part converted into lechatelierite. 
Figure 2, a low-power photograph of a 
section of one of the fulgurites normal to 
12 “T echatelierite” is the name given to the silica 
glass of fulgurites, meteor craters, and inclusions of 
volcanic rocks by Lacroix (“La silice fondue con- 


sidérée comme minéral [lechateliérite],”’ Bull. Soc. 
fran. de min., Vol. XXXVIII [1915], pp. 182-86). 











Fic. 2.—Cross section of sand fulgurite showing general features. <8. 


Fic. 3.—Thin slide of sand fulgurite showing groundmass of dark to pale brown glass with circular sections of 
spherical vesicles and imbedded sand grains, which are more or less fused to silica glass. X 50. 


Fic. 4.—Thin slide of sand fulgurite (an area different from that of Fig. 3), showing shattered quartz grains 
penetrated by silica glass. X 50. 


Fic. 5.—The same area as that shown in Fig. 4, but taken with crossed Nicols. X 43. 
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the length, gives a general idea of its 
structure. The nearly circular sections of 
the vesicles point to the absence of any 
appreciable flowage. The writer’ in re- 
cent years has considered lechatelierite 
to be a mineraloid rather than a mineral 
proper. The useful term “mineraloid” 
was proposed by J. Niedzwiedzki" for 
amorphous mineral-like substances. 


MICROSCOPIC DESCRIPTION 


General relations.—Figure 3 is a pho- 
tomicrograph of a thin section (SMC 9) 
of one of the fulgurites. The dark areas 
represent almost opaque glass, produced 
by the fusion of biotite, which has a 
melting point of 1,050° C. The ground- 
mass, or main portion, of the section is a 
pale-brown to almost colorless glass, pro- 
duced largely by the melting of the feld- 
spars. The index of refraction of the glass 
varies from about 1.510 up to about 
1.550; the variation is evidently depend- 
ent upon the iron content. Some of the 
sand grains are intact; but most of them 
are more or less shattered, and on the 
borders many are melted. 

Figure 4 shows another area in the 
same section. The angular unsorted 
quartz grains have been shattered, and 
in the larger grains silica glass has pene- 
trated along the cracks. Figure 5 is the 
same area but taken between crossed 
Nicols. Here the silica glass appears iso- 
tropic. 

Lechatelierite—The first thin section 
made of the Riverside County fulgurite 
is shown in Figure 6. This small section 
was made to identify the isotropic frag- 
ments observed. The colorless grain 


13 Rogers, A. F., Introduction to the Study of Min- 
erals (3d ed.; New York: McGraw-Hill, 1937), p. 
324. 

14 “Zur mineralogischen Terminologie,”’ Centralbl. 
f. Min. Geol., u. Pal., 1909, pp. 661-63. 
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marked with an arrow proved to have a 
refractive index of 1.457 + 0.003. With 
a Wratten E22 screen being used in lieu 
of sodium light, this determination was 
made upon the unmounted section men- 
tioned by employing successive immer- 
sion liquids after cleaning the section 
with xylol and drying each time. This is 
undoubtedly lechatelierite, or silica glass, 
produced by the fusion of a sand grain of 
quartz. This is the first noted occurrence 
of lechatelierite in the state of California. 

The central part of the photomicro- 
graph of Figure 3 is shown in enlargement 
in Figure 7. Some of the quartz grains 
have been completely melted to form 
lechatelierite. The equant central grain 
and the large crescent-shaped one near 
the center were partially melted but con- 
tain relict quartz, as shown by the differ- 
ence in relief of the interior. 

Cristobalite.—Figure 8, also made from 
section SMCo, shows near the center an 
equant grain of quartz which has been 
converted in part into cristobalite. 
Around the border of the grain the 
curved structure so characteristic of 
cristobalite is apparent. It also shows 
very weak nonuniform birefringence 
with a red-I-order plate. This central 
grain contains relict quartz, which does 
not show well in Figure 8 but is brought 
out in the photomicrograph (Fig. 9) of 
the same area taken with crossed Nicols. 
In the thin sections it is often difficult to 
distinguish cristobalite from the lecha- 
telierite. 

Nothing resembling tridymite was 
found in any of the sections. 

Newly formed product.—In several of 
the thin sections small amounts of minute 
acicular crystals were observed. Some of 
these resemble feldspars, but they could 
not be identified with any degree of cer- 
tainty. 
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Fic. 6.—Fragmentary thin slide of one of the sand fulgurites temporarily mounted in a liquid with n = 1.480, 
showing on the left margin lechatelierite (” = 1.457). The microscope tube is raised to show the Becke line. X 200. 


‘1G. 7.—Enlarged view of area at the center of Fig. 3, showing quartz grains altered in part to lechatelierite. 
Fic. 8.—The large grain near the center has been altered on the exterior to cristobalite. The other grains are 
altered in part to lechatelierite. X 100. 


Fic. 9.—The same as Fig. 8, but taken with crossed Nicols to show relict grains of quartz. X92. 
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DISCUSSION 


The incomplete fusion of the sand de- 
rived from granodiorite may be explained 
by the extreme rapidity of a lightning 
discharge. According to my colleague, 
Professor Joseph S. Carroll, director of 
the Ryan High-Voltage Laboratory, 
lightning discharges take place in less 
than 100 microseconds (a microsecond 
being one-millionth of a second). 

The temperature reached in the par- 
tial melting of the sand was probably in 
the neighborhood of 1,800° C. Accord- 
ing to R. B. Sosman,’’ quartz may be 


melted at 1,400° C. if sufficient time is 
given, but the rapid melting requires a 
temperature of about 1,800° C. Variation 
in temperature is evidently due to differ- 
ences in electrical resistance from point 
to point. 

The examination of the thin sections 
gives evidence of some diffusion in the 
glass of the goundmass but little evidence 
of any flowage. The circular sections of 
the vesicles are in marked contrast to the 
elliptical vesicles of volcanic rocks. 

15 “Silica as a Refractory in the Steel Industry,” 


advanced paper read before the American Iron and 
Steel Institute, New York, May 24, 1929 (p. 24). 
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BOTTLE SPRINGS 


RONALD L. IVES 
Dugway Proving Ground, Tooele, Utah 


ABSTRACT 


Submarine fresh-water springs along the shore of the Stansbury Peninsula, Great Salt Lake, are de- 
scribed. Their geologic, biotic, and cultural significance is discussed. Similar occurrences in other areas are 


mentioned. 
INTRODUCTION 


During the progress of field work on 
the Stansbury Peninsuia, Great Salt 
Lake, Utah, fresh-water springs totally 
surrounded by saturated salt water were 
found in many places. These springs 
are perennial, many having a substan- 
tially constant outflow and a few being 
subject to marked seasonal variations. 

The name “Bottle Springs” was ap- 
plied to them because of an ingenious 
method of securing drinking water. Lo- 
cal ranchers submerge a corked empty 
bottle in the salt water of the lake; lower 
it until the mouth is directly over the fis- 
sure or sand boil from which the water is- 
sues; then remove the cork. When the 
bottle is filled, the cork is reinserted and 
the bottle removed from the lake. The 
recovered water is either “fresh” or so 
slightly brackish that it is still potable. 

GEOLOGIC ENVIRONMENT 

Although environmental conditions are 
not always identical, every bottle spring 
found was near shore, usually located in 
an embayment in the shoreline supersat- 
uration tufa, and was close to either a 
known fissure or a clearly recognizable 
delta deposit. Fissure springs predomi- 
nated, and in many cases the water had a 
pronounced sulphurous taste and cathar- 
tic action, suggesting a magmatic origin 
(hot springs are numerous in this area). 
Delta springs are usually slightly brack- 
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ish, probably because of leaching of old 
shoreline deposits; and most have pro- 
nounced seasonal variations in discharge. 

The geologic environment of a fissure- 
type bottle spring is shown in Figure 1. 
Arrangement of geologic components of a 
delta-type bottle spring is too obvious to 
need an additional diagram. 

In most instances, bottle springs can 
be “‘spotted” from shore by the presence 
of matted growths of intensely green al- 
gae a few feet below the lake surface. 
Such algal growths are not present in the 
saturated waters of Great Salt Lake. 

As embayments are present in the 
shoreline tufas wherever they are close 
to bottle springs, it may be concluded 
that dilution of lake brines by inflow 
from the springs inhibits tufa formation 

an inference in general accord with 
chemical theory. 


BIOTIC FEATURES 


All of the bottle springs found in the 
Salt Lake Basin support luxuriant 
growths of fresh-water algae; and in the 
algal masses are numerous diatoms, all 
of common modern types, normal to the 
present environment." Thus, the finding 
of fresh-water diatoms in tufas deposited 
by the lake at any stage should not be in- 

* This is worthy of note, as the lake has had no 
surface connection with any body of fresh water 
outside of its drainage area for at least 10,000 


years and has been saline for much or all of that 
time. 
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terpreted as conclusive evidence that the 
lake, as a whole, was fresh at the time the 
tufa was deposited. 

Presence of fresh-water springs near 
the northern end of the Stansbury Pen- 
insula (until recently an island) enables 
local ranchers to use the area as a season- 
al range. Tufa-incrusted pottery shards 
near a few of the bottle springs suggest 
that the Indians made use of them before 
the white settlement of Utah Territory. 

















OTHER OCCURRENCES 


In the approximate center of the lake, 
midway between the Stansbury Penin- 








RONALD L. IVES 







Similar springs have been seen by the 
writer at Owens Lake, California (many 
of these are now small surface seeps in 
the playa, owing to desiccation of Owens 
Valley) ; in the Salton Sea, where some of 
them appear to be related to mud-vol- 
cano activity; and in the Gulf of Cali- 
fornia, near Puerto Pefiasco and Pozo 
Caballo, Sonora. Some of these latter 
springs are submerged only at high tide. 
Studies of the Pyramid Lake Basin, 
Nevada, and of the Sevier Lake Area, 
Utah, indicate the former presence of 
springs of this general type. 

Indefinite verbal reports suggest that 
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sula and Antelope Island, is a large up- 
welling of fresh water, which locally re- 
duces the salinity of the lake. In very 
calm weather, potable water can be 
dipped up out of the lake at this point, 
which can be located from the air as a 
zone of greater water transparency. Lo- 
cal “authorities” claim that a boat will 
sink in this area because the upwelling 
fresh water lacks sufficient buoyancy. 
These claims seem to suffer from a mis- 
placed decimal point. 

There are several hundred “boil 
springs” in the Skull Valley area of the 
Salt Lake Basin. These, during higher 
stages of the lake, were submerged; and 
most of them, from their location and 
volume of outflow, were, or could have 
been, bottle springs in former times. 


Fic. 1.—Section through a fissure-type bottle spring 


bottle springs occur in the Dead and Cas- 
pian seas and that there are a number of 
submerged springs off the coast of Sicily, 
where natives are reputed to secure 
drinking water by diving for it, using 
goatskins as containers.” Further check- 
ing of these reports seems desirable. 


CONCLUSIONS 


Presence of bottle springs in several 
salt lakes suggests that estimates of the 
fresh-water inflow to these lakes should 
be revised. It is entirely possible that 
Great Salt Lake receives as much inflow 
from submerged springs as it does from 
surface streams. 

? The writer has been informed several times 


that these springs were described by Herodotus, 
but he is unable to locate a specific reference. 














BOTTLE SPRINGS 


Knowledge of the possible existence of 
bottle springs in desiccated areas may be 
an important factor in the survival of 
military and exploring parties in desert 
regions. 

Fresh-water diatoms and algae in 
springs of this type lead to the conclusion 
that deposits adjacent to these springs, 
both now and in the past, may contain 
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fresh-water fossils regardless of the de- 
gree of salinity of the surrounding waters. 
Additional care in the classification of de- 
posits from extinct lakes is indicated. 
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ABSTRACT 


UPLAND TERRACES IN SOUTHERN NEW ENGLAND: A DISCUSSION 


Analysis of methods and data utilized by George F. Adams to demonstrate that multiple terraces 
of marine origin do not exist in southern New England reveals that, despite the inadequacy of Adams’ 


In the September issue of this Journal 
George F. Adams’ attempts to set aside 
much of the definitive geomorphic work 
which has been done in New England 
during the last twenty-eight years. 
Claiming that ‘‘ Joseph Barrell’s recogni- 
tion of broadly developed multiple ter- 
races of marine origin is shown to be er- 
roneous, since the existence of the ter- 
races was concluded from incomplete 
evidence and questionable logic,” he 
invites scrutiny of the evidence and logic 
which he employs to dismiss the pains- 
taking field and laboratory studies of 
Hatch, Barrell, Bascom, Knopf, Pond, 
Meyerhoff and Hubbell, and Rich in his 
sweeping conclusion: “‘ Multiple terraces 
of a regional nature do not exist.”’ 
Adams’ conclusions are founded pri- 
marily on a study of ‘‘multiple projected 
profiles’ (or ‘‘zonal profiles,” as the 
present writer prefers to call them), sup- 
plemented both in the laboratory and in 
the field by the application of criteria 
which have such limited utility as to be 
worthless in solving the problems under 
consideration. Inasmuch as Adams con- 
fines himself to a critique of the marine- 
terrace hypothesis advocated by Barrell, 
the present writer will likewise limit his 
discussion to this aspect of the subject, 
notwithstanding the fact that Adams, as 
noted above, also attempts to set aside 
the terrace concepts of all recent workers 


* Pp. 289-312. 


criteria, Barrell’s thesis has been supported rather than disproved. 
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who have analyzed the New England up- 
land. 

It should first be noted, however, that 
Barrell’s marine hypothesis was shown 
to be inapplicable in western Massachu- 
setts and in Vermont nearly seventeen 
years ago. Pond? and Meyerhoff and 
Hubbell’ found clearly defined fluvial 
terraces of regional extent at vertical 
intervals which made correlation with 
Barrell’s terraces in Connecticut conclu- 
sive. The fluvial pattern of the terraces 
so identified and correlated is unmistak- 
able. These cyclical surfaces are evident 
enough in the broad upland surfaces of 
central and western Massachusetts, but 
they form striking benches in the up- 
stream reaches of the Westfield, Mill, 
Deerfield, West, and other rivers tribu- 
tary to the Connecticut. In these up- 
stream sections individual terraces are 
present in different watersheds on differ- 
ent rocks and in the same watershed on 
different rocks, and different terraces 
have been preserved within the same 
watershed on the same rocks. 

In subsequent field work Olmsted 
and Meyerhoff have traced terraces in 





2A. M. Pond, “Preliminary Report on the Pene- 
planes of the Taconic Mountains of Vermont,” 16th 
Ann. Rept. Vt. State Geol. Surv. (1927-28), pp. 292- 
314. 

3H. A. Meyerhoff and M. Hubbell, “The Ero- 
sional Landforms of Eastern and Central Vermont,”’ 
16th Ann. Rept. Vt. State Geol. Surv. (1927-28), pp. 
315-81. 
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Connecticut, within the area described 
by Barrell and by Adams; and it must be 
stated that Adams’ claim of close rela- 
tionship between terraces and geologic 
structure and rock composition is an un- 
warranted generalization based upon 
specific cases but ignoring the more nu- 
merous exceptions. Only the exceptions 
are critical, for structural and lithologic 
controls are obvious where they exist; 
and they have been noted by every 
worker. It behooves Adams to explain 
the situations where no such controls 
can be demonstrated. 

In order to dispose of the marine hy- 
pothesis, Adams sets up as the only crite- 
ria for recognition of elevated marine sur- 
faces two closely related types of fea- 
tures: (1) “cliffs whose marine origin is 
adequately attested by the presence of 
wave-cut notches, sea caves, and stacks” 
and (2) “high-level benches which abut 
against steep clifis.” The latter, in his 
opinion, are valid only “if they bevel 
the structures and have considerable 
areal extent.’’ These criteria instantly 
rule out recognition of some of the raised 
marine terraces along the California 
coast, concerning the origin of which no 
competent worker has any doubt; and 
they are entirely adequate to eliminate 
almost every elevated marine surface 
that has undergone subaerial modifica- 
tion. They are fatal to the ancient, 
fluvially dissected, and glaciated land 
forms of southern New England. 

No conclusion can have greater value 
than the criteria on which it is based, and 
it,is evident these two criteria are inap- 
plicable and hence valueless when used 
to support a negative conclusion. For- 
tunately, additional criteria are avail- 
able from the most elementary principles 
of shore processes and shoreline erosion 
and of fluvial dissection of raised marine 
surfaces. For example: 
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1. Waves plane surfaces which, in gen- 
eral, parallel the shoreline. 

2. Headlands occupying interstream 
positions are planed first, and rocks in 
valley or lowland situations are affected 
only if the headlands are worn back to 
approximate alignment with the valley 
outcrops. 

3. Desp-te appreciable adjustm« nts to 
major lithologic and structural features, 
wave planation is effective on all litho- 
logic types to a degree not matched by 
any other erosive agent. 

4. Wave-cut terraces are graded sur- 
faces, steepest inshore, where the slope 
may be as high as go feet per mile for the 
first mile planed. 

5. Raised marine terraces acquire con- 
sequent drainage, which, in general, 
flows normal to the abandoned shoreline. 

6. Such drainage, especially if it is ex- 
tended consequent, may exhume filled 
valleys in which compaction of the fill 
creates depressions of post-emergent age. 

7. Fluvial dissection proceeds most 
rapidly in two directions: parallel to the 
slope along the consequent and extended 
consequent streams; and normal to the 
slope in the inner lowland and in other 
subsequent lowlands, where a coastal- 
plain veneer has covered the wave- 
planed surface. 

8. Upon removal of coastal-plain de- 
posits, drainage will make normal use of 
subjacent nonresistant rocks and other 
lines of »veakness. 

These are by no means the only uni- 
versally recognized features available as 
criteria in analyzing Connecticut’s up- 
land surfaces, but they will suffice for 
sound conclusions which bear little re- 
semblance to those reached by Adams. 
An examination of Adams’ map (Fig. 10) 
will illustrate the odd use which has been 
made of facts. Every contour up to and 
including 600 feet parallels the shoreline, 
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whereas the contours at 700 feet and 
above conform with the drainage pat- 
tern. Coincident with the break between 
the 600- and 700-foot contours is a com- 
plete change in the character of the in- 
terstream surfaces and in the adjustment 
of the drainage. At 700 feet and above, 
the topographic texture is finer than at 
lower levels, and terrace relief is rela- 
tively high; below 700 feet the texture 
is coarse, and the interfluves are flat and 
young. At 700 feet and above, streams 
and local relief features are adjusted to 
structure; below, such adjustments are 
few. These contrasts are so clear in the 
field as to be photographable. 

As further evidence of Adams’ ill- 
considered use of facts, it must be noted 
that he cites (pp. 301 and 304) a valley 
separating flat ridge crests at 680-700 
feet from the next higher level at 940 
feet as evidence that Barrell’s marine 
hypothesis is wrong. This valley, with 
others similarly located, is one of the best 
supports the marine hypothesis has. 
Where else but in this precise location 
could the excavation of an inner lowland 
take place? This phenomenon has been 
employed by adherents of the theory of 
regional superposition to locate former 
marine features in New York and New 
Jersey, but across the state line in Con- 
necticut the feature unaccountably 
changes its meaning. 

Adams’ methods of work cannot go 
without challenge. The present writer 
has in his laboratory collection complete 
sets of profiles for all New England. 
They include projected, zonal, and linear 
types, each one of which has its appro- 
priate objective use. The zonal type em- 
ployed by Adams is not so infallible as he 
would have his readers believe. For ex- 
ample, there is only one orientation in a 
single locality in which the seemingly 
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uniform slope shown in Figure 8 (p, 
306) from 600 feet to Long Island Sound 
can be registered in a zonal profile. Else- 
where profiles of all types reveal a com- 
posite surface, in which the separate ter- 
race components, though variable in 
width, are relatively narrow. Inevitably 
they register best when they are profiled 
at right angles to their greatest linear 
dimension, and poorest when the angle 
approximates 45°. In consequence of 
the curvature of the Connecticut shore- 
line near the New York boundary, north- 
south zonal profiles are ill-adapted to 
show what is there. Yet Adams would 
have his readers believe that the blind 
use of a single compass direction is the 
only objective method of work, forget- 
ting that nature determines the compass 
directions of all geologic operations and 
that any attempt on the part of a re- 
searcher to set them is not only arbitrary 
but subjective. In the case under con- 
sideration the choice of north-south ori- 
entation is perfectly designed to obscure 
the features which are present, and the 
writer must question whether that is a 
legitimate aim of research. 

A similar result is achieved in Adams’ 
generalized contour map (Fig. 10), in 
which he selects a 1oo-foot interval to 
demonstrate that terraces do not exist. 
Only a few of the upland surfaces are 
separated by vertical intervals as great as 
200 feet; hence Adams’ selection is ideal- 
ly designed not to show what he is trying 
to prove is not there. It is easy to make a 
case when such methods are employed, 
but the case made cannot be accepted as 
a scientific conclusion. Even so, the 
marked contrast between the marine- 
planed and the fluvially dissected por- 
tions of southern New England stands 
out on the map but is completely ignored 
by its author. 

In view of the inadequate criteria se- 
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lected, the inadequate use made of them 
and of available facts, the employment 
of techniques which cannot show features 
whose existence the author intends to 
disprove, and the failure to make full and 
proper use of the exhibits introduced in 
support of his conclusion, Adams’ charge 
that Barrell used ‘‘incomplete evidence 
and questionable logic” is all the more 
extraordinary. Hatch, Barrell, Bascom, 
Knopf, Pond, and Hubbell and Meyer- 
hoff may not have agreed on the origin 
of the upland terraces in New England 
and the Piedmont; but their disagree- 
ment is in part due to the fact that each 
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concentrated his attention on different 
portions of the upland. What is significant 
is their unanimous agreement on (1) the 
presence of erosional terraces, (2) the ap- 
proximate vertical positions and correla- 
tion of the terrace forms, (3) their inde- 
pendence of structure and lithology over 
broad areas, and (4) their genetic rela- 
tion to changing levels of land and sea. 
Adams has offered nothing which dis- 
poses of these basic points and nothing 
which modifies them in any way. In so 
far as his materials are usable, they sup- 
port Barrell’s thesis instead of proving 
it erroneous, as he thinks. 








REVIEWS 


Dana’s System of Mineralogy, Vol. I: Elements, 
Sulfides, Sulfosalts, Oxides. 7th ed. By 
CHARLES PALACHE, HARRY BERMAN, and 
CLIFFORD FRONDEL. New York: John Wiley 
& Sons, Inc., 1944. Pp. xiii+834; numerous 
figures. $10.00. 


Under the rule of Timothy Dwight (1795-1817) 
the great days of Yale began, if only because he 
established professional schools there. Meanwhile, 
he destroyed all vestiges of the free regime of Ezra 
Stiles, the liberal republican lover of Jefferson and 
the French. Much as he hated popery, he hated 
Voltaire and Rousseau still more, and he wished to 
restore the world of Jonathan Edwards; and gone 
were the days when the Yale students called them- 
selves Paine, Hume and Turgot and paid more 
homage to Man than they paid to Jehovah. No more 
dancing, plays, cakes and ale. But, together with 
other studies, science, long prominent in the college, 
to which Sir Isaac Newton had presented his works, 
spread rapidly with the help of President Dwight 
....he discovered Benjamin Silliman and made 
him a professor (1802), the man who took the black 
art of chemistry out of the hands of the necroman- 
cers and planted it squarely in the schoolbooks. It 
was Silliman who popularized the discoveries of 
Lavoisier, and multitudes of Americans learned that 
earth contained fifty ingredients, that air was made 
up of two gases and that water was a compound. He 
popularized mineralogy and geology also, and the 
students began hunting specimens instead of bears 
and foxes, while ladies set up on their mantelpieces 
bits of marble, ore and quartz. If not exactly a 
golden age, this was a new age at least that began, 
for America, at Yale [from pp. 82-83 of the current- 
ly popular World of Washington Irving by Van Wyck 
Brooks]. 


Silliman, best known, away from New Haven, 
as a popularizer of science and the founder of 
the American Journal of Science, was succeeded 
in 1850 at Yale by his son-in-law and former 
student and assistant, James Dwight Dana, 
who had graduated in 1833 and who had pre- 
pared the first edition of his System of Mineralo- 
gy in 1837. The second edition (the first to be 
published by Wiley) appeared in 1844. In the 
fifth edition (1868) Dana was aided by G. J. 
Brush, who prepared a first appendix; later 
appendixes were by the son, E. S. Dana, who 
wrote the sixth edition (1892), together with its 
first appendix; W. E. Ford collaborated on the 


second appendix, and alone wrote the third one 
(1915). 

The present edition is a Dana only for senti- 
mental reasons; it is an entirely new work in 
every sense except that it necessarily embraces 
that part of the old Dana which has stood the 
test of time. It can conveniently be referred to 
as ‘‘Pabef I,” from the first letters of the names 
of its authors. It represents the advances made 
in the science over a half-century, about the 
same period as was covered by all previous 
editions subsequent to the original volume. It 
has moved from Yale to Harvard, which ap- 
pears to be about to go back to a relatively 
restricted college curriculum. While in no sense 
a college textbook, it is bound to have great 
influence on the teaching of the science, since 
one object of the university course must be to 
make the new System understandable. The 
completed work is to appear in three volumes: 
II, Halides, Carbonates, Sulfates, Borates, Phos- 
phates, Arsenates, etc., and III, Silica, Silicates. 

Like the last edition, this one embraces an 
introductory section of 85 pages, followed by 
descriptive mineralogy. The Introduction (un- 
der fifteen headings) has a 32-page section on 
morphology and a 37-page general bibliography, 
divided into two parts. The extended section on 
morphology is largely devoted to an explanation 
of the mathematics underlying two-circle goni- 
ometry. The length of this may seem out of 
balance with the short space given X-ray 
crystallography or physical and chemical prop- 
erties; presumably this is because the standard 
textbooks cover the first subject much less 
satisfactorily than they do the others. 

Minerals are divided into classes, types, 
groups (series), and species; and numbers are 
assigned in line with this form of subdivision. 
The classes are as in the sixth edition, except 
that the oxides are subdivided into five classes; 
the uranates are in the second oxide class, and 
columbates-tantalates are put under the last 
class of oxides. Thus, the four families listed in 
the title for Volume I are treated in a total of 
eight classes. For example, hercynite (7212) be- 
longs to class 7 (multiple oxides), type 2 (the 
AB,X, type), group 1 (spinels), and is the 
second species listed under this group; there are 
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twelve species in this group; the last one, 
chromite, has the number 721-12. Similarly, 
smaltite (2-10+12) belongs with the sulfides 
(class 2), type 10 (AX;), the first “group” (the 
skutterudite series), and is the second species 
listed in this category. Thus, chromite is seven- 
two-one-twelve; smaltite is two-ten-one-two. It 
would probably be simpler to use capital letters 
for classes and small letters for groups; this 
should be even truer for classes numbered 10 
and higher that will appear in later volumes. 
Under this scheme chromite would be Gz2a12 
and smaltite Broaz2. In any case, it is a real im- 
provement to get away from the serial system 
of numbers used in the sixth edition. However, 
since the details of classification will likely suf- 
fer changes, the new scheme of numbering 
should not be regarded as immutable. 

The five classes of oxides are obtained by 
separating simple oxides from multiple oxides 
(in the same fashion that sulfides are distin- 
guished from sulfosalts); and each of these is 
further subdivided into two classes, depending 
on whether the heavy metals of subgroups III-— 
VIB of the periodic table are present or not. A 
fifth class includes hydroxides; it should be not- 
ed that hydrous oxides are present in all five 
classes. The eight classes covered in Volume I 
are divided into forty-three types, listed on 
page 87. Each of nine of these types contains less 
than five numbered species, and type 46 (p. 87) 
is not recognized among the numbered species 
(p. 491). The chapter in which the minerals of 
any one class are described starts off with a 
complete list of the species included in the 
sequence described. This shows the distribution 
among types and groups, as well as species 
numbers. In a few cases unnumbered (nonvalid) 
species are here listed, but generally they are 
not. The names of some of the unsatisfactorily 
defined species are farther indented. The names 
of minerals are shown in four manners in this 
volume. Boldface capitals are used for a well- 
defined species, even though it may be known 
from but a single locality. Lower-case boldface 
type is used for a species less well defined, yet 
sufficiently definite to werrant a species number. 
These names do not stand out well from those 
set in similar but larger type which are used to 
designate the descriptive headings. Lightface 
capitals are used for names of minerals which 
are not sufficiently valid as distinct species to 
warrant assignment of a number. If these ap- 
pear before ‘“‘Ref.,” they generally refer to al- 
tered or impure samples of the previous species; 
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if after “Ref.,” they may be less closely related 
to the previously described species. 

Following the species number appears the 
name, chemical formula, and the history of nam- 
ing, with names in as many as five foreign lan- 
guages, all of which are indexed. The various 
properties described are then set off clearly by 
lower-case boldface type. The use of adjectival 
prefixes, as advocated by Schaller, eliminates a 
great number of names used to describe chemical 
variations within a series—a most desirable 
practice. 

Morphological properties are given in terms 
of the Goldschmidt two-circle method of goni- 
ometry, making use of the gnomonic projection; 
the polar axial ratio and the position angles ap- 
pear in more than one orientation for certain 
systems. The angle tables, many of which repre- 
sent research by Professor Palache and his 
students, include not only the standard polar 
co-ordinates of the known faces but also the 
angles between a given face and the several 
pinacoids or other axial faces. In many cases 
these tables have been calculated for a new 
orientation and/or axial ratio to fit the unit 
cell; the dimensions, angles, and contents of the 
latter (where known) are given; also, the trans- 
formation formulas and the space group. Those 
brought up on single-circle goniometry may 
miss the lists of interfacial angles present in the 
old Dana. However, if such an angle between 
two faces of a form parallel one axis is wanted, 
it can be obtained by deubling the complements 
of the ¢-angles (prism zone) or doubling the 
p-angles (this last is not true for monoclinic or 
triclinic crystals). For other faces it is about as 
quick to make a stereogram (plotting over a 
net) from the given position angles and read 
the required angle as it is to look it up in the 
old volume. 

Other items covered include habit, physical 
and microscopic properties, and chemistry. A 
few microscopic data on opaque minerals are 
presented. In the instances of many series, it 
would be desirable to have graphs relating 
physical properties and chemical composition. 
Even though these might be based on incom- 
plete knowledge, they would help to bring order 
to the mass of data here included. Small optical- 
orientation diagrams would also make a desir- 
able addition. 

The section on occurrences has been modified 
so that more data on paragenesis (largely from 
Lindgren) and fewer on geographic occurrence 
are presented. This is a highly desirable change; 
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in general, mineralogists are behind economic 
geologists in the subject of genetic mineralogy. 
Alteration products, pseudomorphs, and syn- 
thetic species are described. Utilization is not 
covered. The derivation of the name is outlined, 
but it would be desirable also to indicate its pro- 
nunciation. Under each species appears a bibli- 
ography covering especially the recent literature 
(to 1941; in part through 1943), with critical 
annotations. There are numerous line-drawings, 
all of which have been redrawn or newly made 
for this volume. 

It is impossible to thumb through this work 
without realizing what an outstanding contribu- 
tion it is. The spirit throughout is not one just of 
compilation but rather one of research. Many 
gaps have been filled by re-examinations made 
in the course of the revision, and at other places 
need for further study is pointed out. The 
volume contains a surprising amount of unpub- 
lished material. It is a monumental work that 
fittingly climaxes the long years of experience of 
Professor Palache and the boundless enthusiasm 
of Berman and Frondel. It brings to poignant 
realism the great loss we have all suffered in the 
tragic death of Berman in a plane crash in 
Scotland in connection with a war project. It 
puts us under further obligation to two 
benefactors to whom the work is dedicated: 
R. A. F. Penrose and A. F. Holden. The pub- 
lishers deserve great credit for using larger type 
and doing such an excellent job, celebrating 
their one hundred years’ association with the 
Dana tradition; both they and the authors 
forego any profits until the Geological Society of 
America grant has been repaid. This work will 
continue to be the bible of the mineralogists, 
and it will be used often by petrologists and 
other geologists. Now that the war is over, we 
may hope for the early appearance of the other 
two volumes; the quality of the present one is 
so high that it will be difficult not to become 
impatient. 

D. JEROME FISHER 


‘Molluscan Evidence of Pliocene Climatic 
Change in New Zealand.” By C. A. FLEm- 
ING. In Transactions of the Royal Society of 
New Zealand, LXXIV (1944), 207-19. 


The theory that the existing thermal con- 
vection circulation in the ocean is abnormal and 
did not operate so as to cool the ocean in pre- 
Pliocene times receives some support from the 
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evidence cited by Fleming of Miocene sea 
temperatures in the New Zealand region. He 
finds that many molluscan extinctions that oc- 
curred after the mid-Miocene affected genera 
and families “now confined to tropical and sub- 
tropical seas,” whereas “in the Miocene the 
New Zealand area lay wholly within the sub- 
tropical zone of surface waters and there is no 
indication of faunal zoning due to hydrological 
differences.” 

Though in the Miocene the waters through- 
out the region were decidedly warmer than they 
are now, absence of reef-building corals ‘‘would 
seem to place an upper limit to any assessment 
of Miocene sea temperatures.”’ Rather, there- 
fore, than adopt the theory outlined above, the 
author prefers to suggest that the warmth of the 
Miocene sea may have been due to a southerly 
sweeping current of water of equatorial origin in 
a South Pacific system of surface currents com- 
parable to that of the present day. Against this 
it might be argued, however, that the Notonec- 
tian current, which now warms New Zealand 
coastal waters and is, incidentally, responsible 
for the importation of eastern Australian mol- 
lusks, has quite probably come into existence 
only in later times, for the author himself dates 
the introduction of such forms only as latest 
Pliocene to Recent, though the efficiency of the 
list of species in the Recent fauna of late deriva- 
tion from East Australian sources is now of im- 
posing length. 

Post-Miocene changes are summed up thus: 
“Faunal changes in the New Zealand Pliocene 
suggest that late Tertiary lowering of sea tem- 
peratures reached its peak in the mid-Pliocene,”’ 
and ‘New Zealand mollusca did not suffer 
changes commensurate with the severity of the 
Pleistocene glaciation.” The author, however, 
rejects the hypothesis (proposed by F. W. Hut- 
ton in 1872) that the glaciation of New Zealand 
took place in the Pliocene. Refrigeration was 
foreshadowed, nevertheless, by a northward 
spreading of cold water in the Pliocene, for anal- 
ysis of faunal trends indicates that the cold 
waters advanced until in the middle of the 
Pliocene they reached as far as latitude 40°. 

In contrast with mid-Pliocene conditions, 
absence of cold-water mollusks has been noted 
in the late Pliocene and in post-Pliocene times, 
and Pleistocene lowering of temperature of the 
New Zealand coastal waters by as much as 4° or 
5° C. is regarded as quite out of the question. 
“‘Among the marine mollusca the only case of 
Pleistocene due to a cooling climate is of an 
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inter-tidal form vulnerable to low air tempera- 
tures.” The curious absence of molluscan evi- 
dence of the presence of cold waters is explained 
by assuming that an approximation to the 
present-day surface circulation of ocean water 
had been established in the late Pliocene and 
Pleistocene, that the warm Notonectian current 
was as warm as it now is, and that the line of its 
convergence with the subantarctic water of the 
west wind drift was as far south. “The concep- 
tion of New Zealand in the Pleistocene as a land 
of frigid meteorology set in relatively temperate 
seas” is thus arrived at. ‘Advance of cold waters 
northward in the Pliocene would have culminat- 
ed in the Pleistocene (when air temperatures 
reached their minimum) had not the Notonec- 
tian current begun to operate as a purely local 
South Tasman influence and to blanket New 
Zealand seas from further cooling after the mid- 
Pliocene.” 

The author’s arguments which show that the 
Notonectian current “commenced to operate in 
the uppermost Pliocene” support the suggestion 
made above by the reviewer that Miocene 
warmth was not the result of mere local protec- 
tion from invasion by Antarctic waters but was 
part of a world-wide Tertiary mildness of ocean- 
water temperatures. 

C. A. Cotton 


Geology and Manganese Deposits of Northeastern 
Tennessee. By Puttie B. KING, HERMANN W. 
FERGUSON, LAWRENCE C. CRAIG, and JOHN 
RopceErs. (Tennessee Department of Con- 
servation, Division of Geology, Bull. 52; 
prepared in co-operation with the U.S. 
Geological Survey.) Nashville, 1944. Pp. 275; 
pls. 8; figs. 35. 


This report describes the occurrence and 
origin of manganese ores in the five north- 
eastern counties from which three-fourths of the 
Tennessee production has come. The region lies 
partly in the southeastern edge of the Ap- 
nalachian Valley and partly in the mountains 
that border it on the southeast. 

Most of the deposits are associated with the 
Shady dolomite which is usually without fossils 
but in a few places carries Lower Cambrian 
fossils. A few small deposits occur in the im- 
mediately overlying and underlying formations. 
About half the production comes from the mines 
in Bumpus Cave. 

Larger features of the geology that are of 
interest are the unbroken stratigraphic se- 
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quence, 20,000 feet in thickness, from the base 
of the Cambrian into the Ordovician and the 
several low-angle thrust faults that have been 
deformed by later folding. 

The Shady dolomite is the oldest of the thick 
carbonate deposits of the Paleozoic section in 
the Appalachians. It generally occupies valleys 
or coves between the mountains; and because it 
weathers readily, most of these areas are occu- 
pied by residual clays from its decay, and out- 
crops of fresh dolomite are uncommon. Where 
unweathered, blue dolomite is the commonest 
rock type, but white dolomite also occurs. It is 
noteworthy that the dolomite passes sharply, 
though irregularly, along the strike into lime- 
stone. It is inferred that dolomitization took 
place after original limestone was deposited. 
The dolomite shows partial recrystallization, 
whereas the limestone does not. Silica in the 
form of jasperoid has also replaced parts of the 
dolomite; and in places bedding, odlitic texture, 
and the outlines of dolomite rhombs are pre- 
served as relict structures in the jasperoid. In a 
broad way the jasperoid seems to be most 
abundant in areas of considerable deformation. 
Analyses of the fresh dolomite show from 0.3 to 
2.59 per cent of manganese carbonate. 

Weathering has blanketed the Shady dolo- 
mite with an irregular covering of residual clay. 
This is usually thin on the lowest slopes near the 
present streams and thickest on certain divides 
that represent older valley floors. Below the 
clays the dolomite shows the ir.egular, pin- 
nacled surface characteristic of residual decay 
of carbonate rocks. Exposed surfaces of the 
residual clays are altered to a depth of 6 feet or 
more to a red mealy soi’ resulting from the 
leaching of the more soluble components of the 
clay. 

The commercial manganese deposits carry 
the manganese in the form of oxides and 
hydrous oxides, psilomelane and cryptomelane, 
and the softer pyrolusite and wad. The hard 
oxides occur as nodules, show a concentric or 
radiate structure, and have developed through 
gradual replacement of the clay. 

The manganese deposits are not evenly dis- 
tributed in the residual clays from the Shady 
dolomite but have a spotty distribution. They 
are most likely to be found in areas nearest the 
underlying Erwin formation and in the higher 
ridges. Individual deposits usually cover less 
than 2 acres. At least one part of manganese 
oxides to twenty parts of Conde clay is neces- 
sary for workability. The maximum total yield 
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from any single ore-body has been less than 
4,000 tons of concentrates, and most deposits 
have yielded less than 1,000 tons. 

Production reached the peak of 9,268 long 
tons in 1940 and declined to 3,231 in 1942. 
Total production to the end of 1942 was 55,519 
long tons. 


Epson S. BASTIN - 


Geology and Manganese Deposits of the Glade 
Mountain District, Virginia. By RALPH L. 
MILLER. (Virginia Geological Survey Bull. 
61.) Charlottesville, 1944. Pp. 150; pls. 19; 
figs. 20. 

This report, prepared by the U.S. Geological 
Survey, deals with the Virginia continuation of 
the manganese deposits of northeastern Ten- 
nessee. The deposits lie in southwestern Vir- 
ginia on the southeast side of the Appalachian 
Valley, bordering the Blue Ridge province. The 
mines were operated during World War I and 
again during World War II, as a result of cur- 
tailed imports of manganese ore. 

As in northeastern Tennessee, most of the 
manganese ores are in residual clays derived 
from the Shady dolomite. The manganese is be- 
lieved to have been originally disseminated as 
carbonates through the lower part of the Shady 
dolomite, especially in the beds within 300 feet 
of the base. The manganese oxides were deposit- 
ed in the clay in disseminated form or grew, 
layer on layer, replacing the clays to form 
nodules. No evidence of hydrothermal processes 
in their formation was found. 

Plate 2 is an instructive physiographic dia- 
gram of the manganese-producing area. Plate 1 
is a geologic map of the area in the scale of 2 
inches to the mile. 

Epson S. BASTIN 


General Meteorology. By HoRACE ROBERT 
Byers. New York and London: McGraw- 
Hill Book Co., Inc., 1944. Pp. x+645; figs. 
300. $5.00. 


Horace Byers is our pioneer in the writing of 
textbooks in modern meteorology. He broke 
new ground in 1937 with his Synoptic and 


Aeronautical Meteorology; and his General 
Meteorology, though it acknowledges its deriva- 
tion from its author’s earlier textbook, is also, as 
is claimed by its author and publishers, “a new 
book.” What is more, it is a new kind of book; 
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for to my knowledge no one author has hereto- 
fore tried to write a textbook that presents, ona 
fairly advanced level, a broad survey of the 
theoretical and empirical matter that makes up 
modern meteorology. The adjective “general” 
in its title is aptly chosen. Most of the book is 
couched in terms calculated to appeal to readers 
who are seeking scientific insight rather than 
instrumental mastery of a technique. It is obvi- 
ous that the author of such a book requires more 
intellectual maturity than does one who writes 
with a less “general” aim. Byers’ maturity is 
immediately evident in the admirable organiza- 
tion and smooth development of most of his 
theoretical discussions. The reader sometimes 
wishes for a more felicitous phrasing of a sen- 
tence, but linguistic faults are far less prominent 
than in much recent American meteorologic 
writing. 

The contents of the twenty-four chapters of 
“General Meteorology” can be grouped into the 
following three categories: (r) deductive discus- 
sion of atmospheric physics, most of which falls 
into two divisions: (a) the thermodynamics of 
the atmosphere and (b) its dynamics; (2) de- 
scription of atmospheric phenomena in terms 
(such as the names of circulation structures and 
fronts) that are devised specially to characterize 
these phenomena; and (3) application of in- 
sights gained through (1) and (2) to practical 
problems of weather forecasting and aviation. 
That such a cleavage still exists in a first-rate 
textbook is evidence that atmospheric phenom- 
ena are still too refractory to be treated wholly 
inductively; if they were completely amenable 
to physical theory, there would be no need for 
the second of the three categories enumerated 
That Byers has not pretended to fit all his data 
into a Procrustean bed of theory should com 
mend his book to the readers of this Journal, 
who are accustomed to working with materials 
that resist the sharp tool of physical theory even 
more stubbornly than do meteorologic phenom- 
ena. 

These readers want and need to know some 
thing about meteorology. Many of them have 
been bewildered by the feverish bustle that has 
afflicted American meteorologic circles in recent 
years. Byers’ book is the first one that can be 
heartily recommended to them as a summary of 
modern knowledge of the atmosphere. This 
commendation should not be construed as a 
suggestion that the reader lay aside his critical 
spectacles when he picks the book up. Some con- 
troversial and some questionable passages are 
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included in it and are not always plainly labeled 
as such. The critical reader can usually dis- 
tinguish, however, between what is rigorously 
demonstrated and what is generalized from 
limited evidence. 

The book has some formal blemishes, too; 
such as are apparently unavoidable in a work of 
its magnitude, but most of them are minor; 
good will and careful reading usually suffice to 
extract the meaning intended. The reader en- 
counters the most flagrant blemish early. Figure 
5 (p. 6) purports to show graphically the varia- 
tion through the year of the height of the noon- 
day sun above the horizon at Washington, D.C. 
The ordinates of the curve are, alas, computed 
for a latitude of 51° north, the complement of 
Washington’s 39°. 


Joun LEIGHLY 


Geology for Everyman. By Str ALBERT SEWARD, 
with Preface by Str HENRY Lyons. Cam- 
bridge: Cambridge University Press, 1944. 
Pp. xi+312; figs. 10; pls. 8. $3.25. 


Geology has need for a middle class between 
the expert and the ignoramus. For a long time, 
in Britain at least, there have been many ama- 
teurs who find delight in prying into the geology 
of their environs, making collections, or viewing 
parts of their country with geologic understand- 
ing. Occasionally some important discovery has 
resulted from these hobbies. Yet, among ama- 
teur naturalists, those devoted to geology have 
for some reason been less numerous than those 
interested in flowers, birds, and insects. Be- 
cause geology can furnish greater attractions 
than most people realize to anyone who enjoys 
a walk over the countryside, Sir Albert Seward 
has written this little book to show others the 
way to the same enthusiasm which he has ex- 
perienced over a long lifetime. The manuscript 
fortunately was completed three days before 
his sudden death. 

Assuming that many readers will have slight 
acquaintance with the subject, the author first 
develops elementary principles and necessary 
facts preparatory to his systematic unfolding of 
British geology. His main purpose is then ac- 
complished with the help of a series of journeys 
through the British Isles, which supply much of 
the material used to build and illustrate the his- 
torical story. Simple significant observations 
are made and fitted together properly, and from 


these the reader is led logically to the interpre- 
tations and conclusions which geologists have 
reached. Interest is aroused through the obser- 
vations, imagination is stimulated by the meth- 
ods and results, and the study becomes easy. 

Reversing the chronological order, Seward 
starts with the latest chapter of the geologic his- 
tory and works backward to the pre-Cambrian, 
which is the end of the journey. Ice action, vol- 
canic activities, marine inundations, desert con- 
ditions, diastrophic paroxysms, and other hap- 
penings are revealed in their appropriate places 
in these journeys through space and time. As 
might be expected from the special researches 
of the author, plant and animal fossils yield 
abundant eloquent testimony throughout the 
greater part of the study. This book should 
serve its purpose by making geology inherently 
interesting and readily understood, through 
skilful presentation, without lowering its level 
by overpopularization. 


ee Wels 


Geological Map of the Dominion of Canada. 
Map 820A. Ottawa: Canada Department of 
Mines and Resources, Mines and Geology 
Branch, Bureau of Geology and Topography, 
1945. $0.50. 


This map is published as two sheets, each 
44X32 inches, at ascale of 1:3,801,600 (1 inch= 
60 miles) on a Lambert conformal conic projec- 
tion. The two sheets are designed to be mounted 
together to form a single map. But since each 
carries a complete marginal legend, they may be 
used separately. 

The workmanship is up to the usual high 
standards of the Canadian Geological Survey. 
An excellent choice of colors, in good register 
and applied to a new base, depict the geology of 
the vast reaches of Canada in surprising detail. 
As might be expected, the detail varies from 
place to place and is greatest in the marginal 
parts of the Laurentian shield and in the south- 
ern and western parts of Canada in general. 
This reflects the greater knowledge of these 
more accessible and more important mineral- 
producing areas. 

This map will be gratefully received by all 
interested in the advancement of geology on the 
North American continent. 


F. J. PETTIJOHN 
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“The Geology of Banks Peninsula: A Revi- 
sion, Part Il: The Akaroa Volcano.” By R. 
SPEIGHT. (Transactions of the Royal Society of 
New Zealand, Vol. LX XIV.) 1944. Pp. 223- 
54; 5 pls.; map. 


Professor Speight’s new account of the geol- 
ogy of the submaturely dissected basalt dome 
of the Akaroa volcano describes some interest- 
ing features that have previously escaped at- 
tention. 

In an earlier contribution to the present 
series (“‘Part I: Physiography” [1943]), the au- 
thor has described the dissected form of the vol- 
cano and reaffirmed statements made in still 
earlier papers regarding the erosional origin of 
the central hollow that is now Akaroa Harbor. 
The map and photographs accompanying the 
article here reviewed show the relation of this 
erosion caldera to the volcano as a whole 
which the author terms a ‘‘cone’’ but describes 
as of domed form. It is nearly circular, with a 
diameter of 20 miles; and before the removal of 
the central part by erosion it reached an eleva- 
tion (according to the author’s estimate) of 
5,000 feet above present sea-level. This is a 
maximum estimate, however, for it does not 
allow for a flatness of the summit which the au- 
thor regards as probable. 

Apparently younger and less dissected on 
the flanks than is the adjoining Lyttelton vol- 
cano (the two together make Banks Peninsula), 
this dome retains some of the original construc- 
tional form on flat-topped ridges. 

A number of new analyses (by F. T. Seelye) 
of specimens collected by the author are quoted 
to show the predominance among the flow lavas 
of olivine basalt. The soda content of this is 
high, and a percentage of FeO ranging from 8 
to 9.76 is consistent with the fluidity manifested 
by the numerous low-angle flows. The author 
has perhaps overestimated the proportion of 
pyroclastic material interbedded with these, 
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for many scoriaceous surfaces of flows have beg 
mistaken in the past for explosively ejecte 
scoria beds. 

As in the case of many oceanic-island basalt 
differentiation in the direction of trachyte h 
resulted in the injection of dikes of this compow 
sition, and trachyte masses that occur as “‘mush 
rooming” expansions of the dikes are now de 
scribed for the first time from this district, 
These present close analogies with similar forms) 
on Ascension, St. Helena, and Maui (the recent) 
ly described ‘bulbous domes”’ of Stearns) and! 
are considered here to be, for the most part, exa 
trusive rather than laccolithic. 

C. A. Corro¥ 


Elements of Geology for Western Australian Stus 
dents. By E. DE C. CLARKE, R. T. PRIDER 
AND C. TEICHERT. Perth: University of West- 
ern Australia Text Books Board; University 
Bookshop, Hackett Hall, Crawley, 10944, 
Pp. xii+ 301; figs. 117. 215. 


This book is an introduction to geology from 
the Western Australian standpoint. Processes 
effective in semiarid and arid regions are there. 
fore emphasized, and metamorphism receives 
more than average consideration because of the 
extensive exposures of pre-Cambrian rocks in 
this portion of the continent. If the treatment of 
some of the more elementary phases of the sub- 
ject seems rather brief, this is because students} 
are expected to get fuller details from the refer- 
ence readings at the end of each chapter. 

Approximately the last third of the book is™ 
devoted to historical geology, which, appropri- 4 
ately, is the evolution of the Australian conti- 7 
nent and the development of its life-forms, with ] 
references to other parts of the globe when par- 
ticularly needed. Students of regional geology 7 
will find this a useful book. 

R. T. G 
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